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AUTHOR'S PREFACE. 



TUN following lectures were given as a course of instruction to 
the senior students in elec.trical engineering at. Union University. 

They are however intended not merely as a text-hook of 
illuminating engineering, nor as a text-book on the physics of 
light and radiation, but rather as an exposition, to some extent, 
from the engineering point of view, of that knowledge of light 
and radiation which every educated man should possess, the 
engineer us well us the physician or the user of light. For this 
purpose they are given in such form as to require no special 
knowledge of mathematics or of engineering, but mathematical 
formalism lias been avoided and the phenomena have been de- 
scribed in. plain language, with the exception of Lectures X and 
XI, which by their nature are somewhat mathematical, and are 
intended more particularly for the illuminating engineer, but 
which the general reader may safely omit or merely peruse the 
text. 

The lectures have been revised to date before publication, and 
the important results of the work of the National Bureau of 
Standards, contained in its recent bulletins, fully utilised. 

(HAiiU'iH PHOTKUH S 

ScilKNWTAPY, SV/i/rl/KT, I'.IOl). 



OOMLMLEirS PREFACE. 



A KKHIKS of eight, experimental lectures on " Light andRadia- 
tlon" were delivered by Dr. Steinmete iu tho winter of 1907-8 
before the Brooklyn Polytechnic Institute. Unfortunately no 
stenographer was present, and no manuscript prepared by the 
lecturer. A. far mow extended course of experimental lectures 
was however given by Dr. Sl.eiiimetx at Union University in tho 
winter of 1IIO.S <.), on " Radiation, Light, Illumination and Illu- 
minating Kngineering, " and lias boon compiled and edited in 
the following. 

Two additional lectures have been added thereto by Dr. Stein- 
meU to make (lie treatment of the subject complete even from 
the theoretical side of illuminating engineering: Lecture X on 
"Light Flux and Distribution" and Lecture XI on "Light 
Intensity and Illumination." These two lectures give tho 
elements of (he mathematical theory of illuminating engineering. 

With the exception of the latter two lectures tho following 
book contains practically no mathematics, but discusses tho 
subjects in plain and generally understood language. 

The subject matter of Lecture XII. on "Illumination and 
Illuininaliiig Kiigineeriiig" has been given in. a paper before tho 
Illuminating Engineering Society; tho other lectures are now 
in their form and, as I believe, to a considerable extent also in 
their contents. 

In describing the experiments, numerical, and dimensional 
data on the apparatus IKLVO been given, and the illustrations 
draw/i to scale, as far as possible, so as to mako tho repetition 
of (he experiments convenient for tho reader or lecturer. 

dreat (hanks are due to (lie technical staff of tho Mod raw-Bill 
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RADIATION, LIGHT, AND 
ILLUMINATION. 

LECTURE I. 
NATURE AND DIFFERENT FORMS OF RADIATION. 

1. Radiation is a form of energy, and, as such, can be produced 
from other forms of energy and converted into other forms of 
energy. 

The most convenient form of energy for the production of rad- 
iation is heat, energy, and radiation when destroyed by being 
intercepted by an opaque body, usually is converted into heat. 
Thus in an incandescent lamp, the heat energy produced by the 
electric current in the resistance of the filament, is converted 
into radiation. Jf I hold my hand near the. lamp, the radiation 
intercepted by the hand is destroyed, that is, converted into heat, 
and is felt as such. ( )n the way from the lamp to the hand, how- 
ever, the energy is not heat but radiation, and a body which is 
transparent, to the. radiation may be interposed between the 
lamp and the, hand and remains perfectly cold. The terms 
"heat radiation" and "radiant heat," which are occasionally 
used, therefore are. wrong: the. so-called radiant heat is not heat 
but radiation energy, and becomes heat only when, intercepted 
by an opaque body, it ceases to be radiation; the same, however, 
applies to any radiation. If we. do not feel the radiation of a 
mercury lamp or that of the moon as heat, while we feel that of a 
coal (ire, it is merely because the total energy of the latter is very 
much greater; a sufficiently sensitive heat-measuring instrument, 
as a bolometer, shows the heat produced by the interception of 
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2. The first calculations of the velocity of light were made by 
astronomers in the middle of the eighteenth century, from the 
observations of the eclipses of the moons of Jupiter. A number 
of moons revolve around the planet Jupiter, some of them so close 
that seen from the earth they pass behind Jupiter and so are 
eclipsed at every revolution. As the orbits of Jupiter's moons 
were calculated from their observations by the law of gravita- 
tion, the time at which the moon M should disappear from sight 



FIG. 1. 

when seen from the earth E, by passing behind Jupiter, 7 (Fig. 1), 
could be exactly calculated. It was found, however, that some- 
times the moon disappeared earlier, sometimes later than cal- 
culated, and the difference between earliest and latest disappear- 
ance amounts to about 17 min. It was also found that the 
disappearance of the moon behind Jupiter occurred earlier when 
the earth was at the same side of the sun as Jupiter, at A, while 
the latest disappearance occurred when the earth was on the 
opposite side of the sun from Jupiter, at B. Now, in the latter 
case, the earth is further distant from Jupiter by the diameter 
ASB of the orbit of the earth around the sun S, or by about 
195,000,000 miles and the delay of 17 min. thus must be due to 
the time taken by the light to traverse the additional distance 
of 195,000,000 miles. Seventeen and one-third min. are 1040 
sec. and 195,000,000 miles in 1040 sec. thus gives a velocity of 

.. , , .195,000,000 10QAnA ., 

liffht of > or 188.000 miles Der sec. 
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and the mirror is adjusted so that the reflected beam of light 
passes through another hole // t of the disk into the telescope T. 
If the disk is turned half the pitch of the holes the light is blotted 
out as a tooth stands'in front of both the lump and the telescope. 
Again turning the disk half the pitch of the holes in the same 



r, MiU'fl , , 




direction the light reappears. If (he disk is slowly revolved, alter- 
nate light and darkness will be observed, but when the speed in- 
creases so- thai, more than from 10 to 20 holes pass per second, the 
eye is no longer able to distinguish the in lividual (lashes of light 
but sees a sleady and uniform light; then increasing the speed 
still more (he light grows fainter and finally entirely disappears. 
This means when a hole //,, is in front of the lamp, a beam of 
light passes through the hole. During Mm time taken by the light 
to travel the 10 miles to the mirror and back, the disk D has 
moved, and the hole. If v which was in front of the telescope 
when the light from the lamp passed Mi rough the hole //, has 
moved away, and a toolh is now in front of the telescope and 
intercepts the light. Therefore, at the speed at which tho light 
disappears, the time it takes the disk to move, half the pitch of a 
hole is equal to the time i( lakes the light to travel 10 miles. 

Increasing still furlhiT the velocity of the disk J), the, light 
appears agiin, and increases in brilliancy, reaching a maximum 
at twice (he. speed at which it had disappeared. Then the light 



94 rev. per sec. at the moment when the light has again reached 
full brilliancy.. In this case, 200 X 94 = 18,800 holes pass the 
telescope per second, and the time of motion by the pitch of one 

hole is onA Sec -' anc * as tn * s * s tne ^ me rec l u i re d by the light 
18,800 

to travel 10 miles, this gives the velocity of light as 10 -. ., 

18,800 
or 188,000 miles per sec. 

The velocity of light in air, or rather in empty space, thus is 
188,000 miles or 3 X 10 10 cm. per sec. 

For electrical radiation, the velocity has been measured by 
Herz, and found to be the same as the velocity of light, and there 
is very good evidence that all radiations travel with the same 
velocity through space (except perhaps the rays of radioactive 
substances). 

3. Regarding the nature of radiation, two theories have been 
proposed. Newton suggested that light rays consisted of 
extremely minute material particles thrown off by the light- 
giving bodies with enormous velocities, that is, a kind of bom- 
bardment. This theory has been revived in reoent years to ex- 
plain the radiations of radium, etc. Euler and others explained 
the light as a wave motion. Which of these explanations is 
correct can be experimentally decided in the following manner: 
Assuming light to be a bombardment of minute particles, if we 
combine two rays of light in the same path they must add to 
each other, that is, two equal beams of light together give a beam 
of twice the amplitude. If, however, we assume light is a wave 
motion, then two equal beams of light add to one of twice the 
amplitude only in case the waves are in phase, as A i and B^ in 
Fig. 3 add to C r If, however, the two beams A 2 and B 2 are not 
in phase, their resultant C 2 is less than their sum, and if the 
two beams A 3 and B 3 in Fig. 3 happen to be in opposition 
(180 degrees apart), that is, one-half wave length out of phase 
with each other, their resultant is zero, that is, they blot each 
other out. 

Assuming now we take a plain glass plate A (Fig. 4) and a 
slightly curved plate B, touching each other at C, and illuminate 
them by a beam of uniform light as the yellow light given by 

rnlorintr t.ViA fln.mfi nf a. hnnspn hnrnpr wif.h somfi sodium salt 



from the, upper surface of the; plain glass plate A. A beam of 

"~\ /"^ 

A.\ /A, \ /A, 




Ftu. 3. 

reflect I'd light a, thus is a combination of a beam b and a beam c. 
The two beams of light, which combine, to a single, one, a, differ 
from em-h other in phase by twice the distance between the two 
glass plates. At those points </,, '/ 3 , etc. at which the, distance 




y, 



Fu>. 4. 



between the (wo tfhiss plates is J wavti length, or 5, ^, etc., the 
two component beams of a would differ by J, 5, -, (U,c. wave 
It'iiL^tliK. siiul (htis would blot eac.h other out. nroducintr darkness. 
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while at those points where the distance between the glass plj 
is I, 1, 1|, etc. wave lengths, and the two component bean 
thus differ in phase by a full wave or a multiple thereof, t' 
would add. If, therefore, light is a wave motion, such a struct 
would show the contact point C of the plates surrounded 
alternate dark rings, d, and bright rings, y. This is actually 
case, and therefore this phenomenon, called "interferen 
proves light to be a wave motion, and has lead to the unive 
acceptance of the Eulerian theory. 

Measuring the curvature of the plate B, and the diami 
of the' dark rings d, the distance between the plates B and ^ 
the dark rings d, can be calculated and as this distance is c 
quarter wave length, or an odd multiple thereof, the \v 
length can be determined therefrom. 

The wave length of light can be measured with extremely 1 
accuracy and has been proposed as the absolute standan 
length, instead of the meter, which was intended to be 10~ 
the quadrant of the earth. 

4. It is found, however, that the different colors of light h 
different wave lengths; red light has the greatest wave lcn : 
and then in the following order: red, orange, yellow, green, fc 
indigo, violet, the wave length decreases, violet light having 
shortest wave length. 

If in experiment (Fig. 4) instead of uniform light (monoc' 
matic light), ordinary white light is used, which is a mixtur 
all colors, the dark and bright rings of the different colors ap] 
at different distances from each other, those of the violet n 
est and those of the red the furthest apart, and so superini] 
upon each other, and instead of alternately black and light ri 
colored rings appear, so-called interference rings. Wherev 
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The frequency of radiation follows from the velocity of light, 
and the wave length. 

The. average waves length of visible radiation, or light, is about 
l w - (SO inierooontimoters,* that is, (>() X l()~ fl cm. (or about 
4-0000 m -) {U1( l ' smco tin 1 - speed is ti -- 3 X .10 10 cm. the frequency 

is/ '- -- ' - 500 X 1() 12 , or . r )()() inilUons of millions of cycles per 

"i 

second, that is, inconceivably high compared with the frequencies 
with which we are familiar in alternating currents. 

If, as proven, light is a wave motion, there must be some thing 
which is moving, a medium, and from the nature- of the wave 
motion, its extremely high velocity, follow the, properties of this 
medium: it has an extremely high elasticity and extremely low 
density, and it must penetrate all substances since no vacuum can 
be produced for this medium, because, light passes through any 
vacuum. Hence it cannot be any known gas, but must be. essen- 
tially different, and has been called the, "other." 

Whether (he ether is a form of matter or not depends upon 
the definition of matter. If matter is defined as the (hypotheti- 
cal) carrier of energy (and all the information we. have, of matter 
is that it. is the seat, of energy), then the. other is matter, as it is a 
carrier of energy: the energy of radiation, during the time be- 
tween the moment when the wave loaves the radiator and the 
moment when if. strikes a body and is absorbed, resides in the. 
ether. 

r >. If light is a wave motion or vibration, it may bo a longitudi- 
nal vibration, or a transversal vibration. Kithcr the particles of 
the medium which transmit the vibrations may move in the 
direction in which the wave travels, as is the case, with sound 
waves in air. If in Fig. f> sound waves travel from the bell H in 
the direct ion />';! , the air molecules///, vibrate in the same direction, 
A to It. Or the vibration may be transversal; that is, if the beam 



* As itieasures of the wave length of litflil., :i muni MM- of mel.ric. units luivo 
survived :ind ;tre liable to lead lo ('.(infusion: 

The micron, denoted !>y it., e<|u;il l.o one. t.lnniwiwll.h of a millimeter. 
The /'./'., equal to one millionth of a millimet.er. 
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of light moves in Fig. 6 perpendicularly to the plane of the paper 
the vibrating particles move in any one of the directions oa ob 
etc. in the plane of the paper, and thus perpendicular to the rav 



FIG. 5. 

of light. In the former case (a longitudinal vibration, as sound) 
there obviously can be no difference between the directions at 
right angles to the motion of the wave. In a transversal vibra- 
tion, however, the particles may move either irregularly in any 
of the infinite number of directions at right angles to the ray 
(Fig. 6) and thus no difference exists in the different directions 
perpendicular to the beam, or they may vibrate in one direction 
only, as the direction boa (Fig. 7). In the latter case, the wave is 

called " polarized " and has differ- 
ent characteristics in three direc- 
tions at right angles to each other : 
one direction is the direction of 
propagation, or of wave travel; the 
second is the direction of vibration; 
I(3 ' 6 ' ' IQ ' 7 ' and the third is the direction per- 

pendicular to progression and to vibration. For instance, the 
electric field of a conductor carrying alternating current is a 
polarized wave: the direction parallel to the conductor is the 
direction of energy flow; the direction concentric to the con- 
ductor is the direction of the electromagnetic component, and 
the direction radial to the conductor is the direction of the 
electrostatic component of the electric field. 

Therefore, if light rays can be polarized, that is, made to ex- 
hibit different properties in two directions at right angles to each 
other and to the direction of wave travel, this would prove tke 
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is greater, and the absorption less than from a mirror set at right 
angles thereto, as m ( {. 

Some crystals, us Iceland spar (calcium carbonate), show 
"double refraction," that, is, dissolve a beam of light, a, enter- 
ing them, into two separate beams, h and c (Fig. 9) which are 
polarized at. right angles to each other. 

In a second crystal, A'.,, beam h would then enter as a single 
beam, under the same angle, as in the, first crystal K v if /C 2 were 
in the same position as A', ; while if A' 2 were, turned at right angles 
to A"t, beam b would enter A" 2 under the name, angle as beam c in 
crystal A",. 

(5. As seen, light, and radiation in general are, transversal wave 




motions of very high speed, S' .'i X K)" 1 cm. per sec. in a hypo- 
thetical medium, elher, which must- be assumed l,o Jill all spaee, 
and penetrate all subs lances. 

K.adiatiiHi is visible, as light, in a narrow range of frequencies 
only: between -100 I0 12 ami 770 "/, K) 1 " c.yeles per sec. cor- 
responding to wave lengths from 7(> X 10 " cm. to JiO X K)~ fl cm.* 
All oilier radiations are invisible and thus have, to be- observed by 
oilier means. 



10 
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in series with each other and with a rheostat of about 4( 
resistance in a 120-volt circuit. When I establish a < 
' through the rods, electric energy is converted into heat 
resistance of the rods. This heat energy is converted in 
sent out as radiation, with the exception of the part car: 
by heat conduction and convection. Reducing the resist 
increase the heat, and thereby the radiation from the silicc 
Still nothing is visible even in the dark; these radiations 
too low frequency, or great wave length, to be visible. B 
ing my hand near the rods, I can feel the energy as heat, an 
it to you by bringing the rods near to this Crookes' radic 




FIG. 9. 



which is an instrument showing the energy of radiation. 
sists (Fig. 10) of four aluminum vanes, mounted in a mod 
high vacuum so that they can move very easily. One side 
vane is polished, the other blackened. The waves of ra 
are reflected on the polished side of the vane; on the bis 
side they are absorbed, produce heat, thus raise the temper; 
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icreasing si ill further the energy input into the silicon rods, and 
icreby their temperature,, the intensity of radiation increases, 
it at the same time radiations of higher and higher frequencies 
>pear, and ultimately the rods become visible in the dark, 
ving a dark red light; that is, of all the radiations sent out by 
le rods, a small part is of sufficiently high frequency to be visible, 
ill further increasing the tempera- 
ire, the total radiation increa.ses, 
it the waves of high frequency in- 
ruse more rapid!}' than those, of 
\ver frequency; that is, the average, 
equeney of radiation increases or 
le average wave length decreases 
id higher and higher frequencies 
)pear,"-orange rays, yellow, green, 
,ue, violet, and the, color of the 
f\\(, thus gradually changes to 
right red, orange, yellow. Now I 
innge over from the silicon rods 
hich are near the maximum tem- 
raturc they can .stand toatung- 
en lamp (a It) -\vatt 1 10-voll lamp, 
inner! ed in series with a rheostat 
' L'OOI) ohms m-islanre in a I! 10- 
ill circuit"). For comparison I also 
irn on an ordinary Hi c. p. carbon 
ament incandescent lamp, running 
, normal voltage and giving its 
-tial yellow lit'jtl. (Jradually turn- 
g on! (he iv. i slanc.e, (lie light of 
ie tun i 1 .: b'ti lamp changes from 
:mgc In yelli.w, yellowish white Kl<1> 10> 

id ullimalely, wilh all Ihe resislance cut out and the (ila- 
ent running at. more than double voltage, is practically white; 
lat i:', j'ive;: ., r;ic|iation conlaining all the frequencies of visi- 

i. lit. lit in i,-ifK- ill,. ,.inu. i ,! .T in rl i.,n ',-: nvi^f in ulinliirlil II' 
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RADIATION, LIGHT, AND ILLUMINATION. 



should become bluish. However, we are close to the limit of 
temperature which even tungsten can stand, and to show you 
light of high frequency or short wave length I use a different 
apparatus in which a more direct conversion of electric energy 
into radiation takes place, the mercury arc lamp. Here the 
light is bluish green, containing only the highest frequencies 
of visible radiation, violet, blue and green, but practically none 
of the lower frequencies of visible radiation, red or orange. 



\ 




ftfWT] 



FIG. 11. 



In the tungsten lamp at high brilliancy and more still in the 
mercury arc, radiations of higher frequencies appear, that is, 
shorter wave lengths than visible light, and these radiations are 
again invisible. As they are of frequencies beyond the violet 
rays of light, they are called "ultra- violet rays," while the radia- 
tions which we produced from the heated silicon rods at moderate 



outer ones adjustable and set for about ft in. gap. This lamp is 
connected across a high voltage 0.2-mf. mica condenser <7, which 
isconnoc.twUo the high voltage terminal of a small step-up trans- 
former ^ giving about 15,000 volts (200 watts, 110 *- 13,200 
volts). The low tension side of the transformer is connected to 
the 240-volt ()0-cycl e circuit through a rheostat R to limit the 
current. The, transformer charges the condenser, and when the 
vollage of (he condenser has risen sufficiently high it discharges 
through^ the spark gaps / by an oscillation of high frequency 
(about 500,000 cycles), then charges again from the transformer, 
discharges through the gap, etc. As several such condenser dis- 
charges omu- during each half wave of alternating supply voltage 
the light, given by the discharge appears continuous. 

You see, however, that this iron arc gives apparently very little 
light ; most, of the radiation is ultra-violet, that is, invisible to the 
eye. To make, it visible, we use what may be called a frequency 
converter of radiation. I have here a lump of willemite (native 
xtne sibeate), a dull greenish gray looking stone. I put it under 
(he iron an-, and it flashes up in a bright green glare by convert- 
ing (he. higher frequency of ultra-violet rays into the lower 
frequency of green light. This green light is not given by the 
iron arc, as a piece of white paper held under the arc shows only 
(he faint illumination given by the small amount of visible radia- 
tion. I now move a thin sheet of glass, or of mica, between the 
iron arc. and the. lump of willemite, and you see the green light 
disappear as far as the glass casts a shadow. Thus glass or mica, 
while transparent to visible light, is opaque for the ultra-violet 
light of the iron an;. A thick piece of crystallized gypsum (sel- 
enile) put in the path of the ultra-violet light does not stop it, 
hence is transparent, as the lump of willemite continues to show 
(he green light,, or a piece of cast glass its blue light. 

I have here s< >me pieces of willemite in a glass test tube. They 
appear dull and colorless in the ultra-violet light, as the glass is 
opaque for this light. I shift them over into a test tube of fused 
quari/,,aiid you see them shine in the green glare. Quartz is trans- 
parent, to ultra-violet light. When investigating ultra-violet 
light, quarl/, lenses and prisms must, therefore, be used. 

Still higher frequencies of ultra-violet light than those given 



>!,-. nvQ v~,Yv-\r1 n r>aA 



UptUeHtXJ. J.J.JL a giaas uuuc UU.D o.ii i* v^uaa u/u UU.MO, 0*3 gxaoo IB 

for these rays. 

These ultra-violet radiations carry us up to frequencies of aboi 
3000 X 10 12 cycles per sec., or to wavelengths of about 10 X 10 
cm. Then, however, follows a wide gap, between the highe 
frequencies of ultra-violet radiation and the frequencies of X-raj 
In this gap, radiations of very interesting properties may som 
times be found. 

At the extreme end of the scale we find the X-rays and i 
radiations of radio-active substances if indeed these radiatio 
are wave motions, which has been questioned. Since at the 
extremely high frequencies reflection and refraction cease, b 
irregular dispersion occurs, the usual methods of measuring wa 
lengths and frequencies fail. The X-rays apparently cover qu^ 
a range of frequency and by using the atoms of a crystal as d 
fraction grating, their average wave length has been measured 
0.1 X 10~ 6 cm., giving a frequency of 0.3 X 10 18 cycles per sec. 

In comparing vibrations of greatly differing frequencies, t 
most convenient measure is the octave, that is, the frequency sc; 
of acoustics. One octave represents a doubling of the frequent 
n octaves higher then means a frequency 2 n times as high, 
octaves lower, a frequency (^) n as high. By this scale all the int 
vals are of the same character; one octave means the sai 
relative increase, which ever may be the absolute frequency 
wave length. 

As the perceptions of our senses vary in proportion to the p 
centual change of the physical quantity causing the percepti 
(Fechner's law), in the acoustic or logarithmic scale the steps ; 
thus proportional to the change of sensual perception caused 
them. 

The visible radiation covers somewhat less than one octa' 
ultra-violet radiations have been observed beyond this for abc 
two more octaves. Nine octaves higher is the estimated frequer 
of X-rays. 

On the other side of the visible range, towards lower frequenc 
or longer waves, ultra-red rays, observations have been extenc 
over more than eight octaves up to wave lengths as great as 
cm. length, or frequencies of only 10 12 cycles per sec. The ult 
red rays given by the heated silicon rods of our experiment do i 
extend to such low frequencies, but such very low frequenc 
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have been observed in the radiations of bodies of very low tem- 
perature, as liquid air, or in the moon's rays. 

7. Very inuc.h longer waves, however, are the electric waves. 
They are used in wireless telegraphy, etc. I here connect (Fig. 12) 
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the condenser (' nf the. apparatus which I used for operating the 
ultra-violet are, to a spark gap (/,, of which the one side, is con- 
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lengths from 100 feet or less to 10,000 feet or more, corresponding 
to 10 7 to 10 5 cycles per sec. or less. 

Still very much longer waves are the fields of alternating cur- 
rent circuits : the magnetic and electrostatic field of an alterna- 
ting current progresses as a wave of radiation from the conductor, 
But as the wave length is very great, due to the low frequency, 

3 X 10 10 
a 60-cycle alternating current gives a wave length of - = 

500 X 10 8 cm. or 3100 miles the distance to which the field of 
the circuit extends is an insignificant fraction only of the wave 
length, and the wave propagation of the field thus is usually not 
considered. 

Electric waves of higher frequencies than used in wireless 
telegraphy are the Ilcraian waves, produced by electric oscilla- 
tors, that is, a moderately long straight conductor cut in the 
middle by a gap and terminated by spherical condensers, as 
shown in Fig. 18. On these waves the velocity of propagation 
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FIG. 1. 

has been measured by Hera by producing standing waves by 
combination of main wave and reflected wave. 

Still much higher frequencies are. the. oscillations between the 
cylinders of multi-gap lightning arresters, and the limit of fre- 
quency of electric waves would probably be. given by the oscilla- 
ting discharge, of two small spheres against each other when 
separated by a narrow gap. It probably is at about 5 X 10 10 
cycles, or 0.0 cm. wave length. 

The blank space, between the shortest electric wave and the 
longest ultra-red light, wave; thus has become fairly narrow 
from 0.0 to 0.03 cm., or only about four octaves. 

8. In the following tables, the different known forms of radia- 
tion are arranged by their frequency and wave length, and are 
given also in octaves, choosing as zero point the middle c of the 
piano, or a frequency of 128 cycles per sec. 
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SPECTRUM OF RADIATION. 
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r rhcs(i nidialiuns arc. plotted graphically in .Fig. 1-t, with the 
oc.tavc. us ahscissii'. 

As seen, (lie lolal ran^e of frequene.ieH of radiation is onorinous, 
covering nearly (K) oc.l.jives, while the ran^e, of sound waves is 
only about nine oc.taves, from 15 to SOOO c.yc.les. 

There are two blank spac.es in the. range of radiation, oruj be- 
tween elect He. and light waves, and a second and longer one 



ion: it means producing as large a part of the total radiation 

>ssible within this very narrow range of visibility. 

jgarding the range of frequencies covered by it, the eye thus 

ich less sensitive than the ear, which hears over' ten octaves 

iund waves. 

hile the visible radiations are the most important ones, as 

i, the total range of radiation is of interest to the electrical 

aeer. 

le ultra-red rays are those radiations which we try to avoid 

\,T as possible when producing light, as they consume power 
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FIG. 14. 



so lower the efficiency ; the ultra-violet rays are of importance 
ledicine as germ killers. They are more or less destructive 
fe, appear together with the visible radiation, and where they 
of appreciable amount, as in the arc, protection against them 
Dmes desirable. The X-rays have become of importance in 
licine,etc.,as they penetrate otherwise opaque bodies and thus 
w seeing things inside of other bodies. 

'he total range of electric waves, between the frequencies of 
mating currents and the limits of electric waves, has been of 
stance to the electrical engineer as harmful and destructive 
nomena in electric circuits, which arc to be guarded against, 
only in recent years, with the development of wireless 
graphy, some such electric waves have found a useful com- 
cial application. The main object of their study which is 
study of transient electric phenomena, is still, however, to 
id against their appearance in electric circuits and discharge 
m harmlessly when they appear. 

lonsiclering the great difference which already exists between 
mating currents of low frequency, 25 or 15 cycles, and of high 
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frequency, 133 cycles, and realizing that the total range of waves, 
which may appear in electric circuits, is many hundred times 
greater than the difference between high and low frequency alter- 
nating currents, it can be realized that the differences in the 
character of electric waves are enormous between the low frequency 
surges of near machine frequency and the high frequency oscilla- 
tions of a multi-gap lightning arrester, near the upper limits of 
electric wave frequencies, and the problem of protecting circuits 
against them thus is vastly more difficult than appears at first 
sight and the conclusions drawn from experimental investigations 
of electric waves may be very misleading when applied to waves 
many octavos different from those used in the experiment. This 
explains the apparently contradictory evidence of many experi- 
mental investigations on the protection of electric circuits. 



LECTURE II. 
RELATION OF BODIES TO RADIATION. 

9. For convenience, the total range of known radiations can 
be divided into two classes, the electric ^oaves l and the light waves, 
which are separated from each other by the blank space in the 
middle of the spectrum of radiation (Fig. 14). Under light 
waves we here include also the invisible ultra-red radiation and 
the ultra-violet radiation and the non-refrangible radiations, as 
X-rays, etc., separated from the latter by the second blank 
space of the radiation spectrum. 

In the following, mainly the light waves, that is, the second or 
high frequency range of radiation, will be discussed. The elec- 
tric waves are usually of importance only in their relation to the 
radiator or oscillator which produces them, or to the receiver on 
which they impinge, and thus are treated in connection with the 
radiator or receiver, that is, the electric conductor, in the theory 
of transient electric phenomena and oscillations.* 

The radiation may be of a single frequency, that is, a single 
wave; or a mixture of different frequencies, that is, a mixture 
of different and frequently of an infinite number of waves. 

Electric radiation usually is of a single frequency, that is, of the 
frequency or wave length determined by the constants of the 
electric circuit which produces the radiation, mainly the induct- 
ance L and the capacity C. They may, however, have different 
wave shapes, that is, comprise, in addition to the fundamental 
wave, higher harmonics or multiples thereof, just as the sound 
Waves which represent the same tone with different musical 
instruments are of the same frequency but of different wave 
shapes, that is, contain different higher harmonics. 

Light radiations usually are a mixture of a number of waves of 
different frequencies, and very common] y a mixture of an infinite 
number of frequencies, as is, for instance, the case with the 
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radiation of an incandescent body as a lamp filament, which 
contains all the frequencies from long ultra-red waves over 
visible light waves to ultra-violet waves. 

In the action of vibrations on our senses there is a characteristic 
difference between the perception of sound waves by the ear and 
that of light waves by the eye: the car is analytic, that is, can 
separate the individual waves in a mixture of different sound 
waves, as an accord on the piano, and distinguish the individual 
components of the mixed sound which reaches the ear. Thus 
we can hear and distinguish an individual voice amongst a mass 
of other noises. The eye, however, perceives only the resultant 
of all the visible radiations which reach it, but cannot separate 
their components, and very different mixtures of radiations thus 
make the same impression upon the eye: thus, for instance, 
numerous mixtures of blue and yellow light appear alike to the 
eye and the. same as green light, that is, appear green, while 
physically, it is obvious that mixtures of blue and yellow light 
an 4 , essentially different from green light. 

It is interesting to imagine how nature would look to us if the 
eye were analytic,, that is, could separate the, different component 
radiations, and if it could perceive waves over as great a range of 
frequency as the ear, about ten octaves instead of less than one 
octave as is now the case. The information, given to us by the 
sense of sight would be infinitely increased, and we would see 
many differences and changes which now escape us. 

10. However, while the eye cannot distinguish the different 
component radiations but sees only their resultant, the specific 
effects of the component radiations, as the physiologically harm- 
ful action of an ultra-violet component of light, still remain, oven 
if UK; eye does not see the, components, and in the study of radia- 
tion for UK; purpose- of its engineering use for illumination it is 
therefore, necessary to analyze tin; mixed radiation given by a 
source as a lamp, by resolving it into its component waves. 

This is done by using SOUK; feature, of the radiation which 
varies with the frequency. Such is the case with the velocity of 
Dronairation. 



angle the boundary between two media, as air A and water 1 
the vibration of the ether particles in the beam of light is at rig 
angles to the direction of propagation BC, and successively t 
waves thus reach a t & a 2 6 2 . . . As soon, however, as the ba 
edge of the beam reaches the boundary at D its speed chanj 




FIG. 15. 

by entering the medium W decreases in the present instai 
Let then S t = speed of propagation in medium A, S 2 = spee< 
propagation in medium W. Then, while the center of the b< 
moves the distance EC, the back edge, in the denser medi 

S 
moves only the distance DI = EC, and the wave front of 

back half of the beam thus changes to CI while that of the fi 
half of the beam, which is still in the medium A, remains 
Then, while the front edge of the beam moves from G to H, 
center and the whole back half of the beam moves in the de 

S 
medium W, only the distance CK = ^- 2 GH, and the wave f 

o x 

of the beam, in the medium W, now is HL. That is, due tc 
difference in velocity in the two media A and W, the wave f 
of the beam, and thereby its direction of propagation, is cha] 



beam BC continues its motion in the direction CM. 

Let then ' t = angle of incidence, that is, the angle between 
the incident beam BC and the perpendicular ON on the boundary, 
and a 2 = angle of refraction, that is, the angle between the out- 
going or refracted beam CM and the perpendicular CP on the 
boundary. It is then : 

FDII = a- t and LED - 2 ; 
hence, 

FH - DH sin , and DL = DH sin a v (1) 

The front edge of the. beam moves the distance FII in medium 
A, while the back edge moves the distance DL in medium H 7 "; 
that is, 

FH -:- />/, - ,S\ -:- ,; (2) 

hence, subs ti tut-in g (1) into (2), gives: 



sin n-., ' ,S' ' 

* it 

That is, the. ratio of the sines of the angle of incidence and the 
angle, of refraction equals the ratio of the speed of propagation 
in the two media, hence the ratio of the sines of these two angles 
is constant. This is the liun of refraction, and this ratio of sines 
is called the rcfrnctw. intle.jr. betwe.cn the two media, A. and W. As 
the refract ire. mr/r.r of one, nic.dinni \V, then, is understood its re- 
fractive. index against empty space or against air: 

sin ,v ,S' 



where *S' is the velocity of light in empty spac.e '} X 1() 10 , and 
*S' t the velocity in UK; medium, of which ^ is called the refractive 
index. 

From equation ('!) it follows, that, if r?,_ 2 is th<^ refractive; index 
between medium 1 and medium 2, r? 2 _ n , the. refractive, index 
between medium 2 and medium .'VV-r : 'V-n "" ^1-2 r "~ refractive 
index of medium 1 and medium H; that is, the refractive index 
between any two media is derived as the ratio of their refractive 
indices against a third medium, as, for instance, against air. 



relations in electric waves. 

In an electric circuit, the speed of propagation of an elect 
wave is, when neglecting the energy losses in and by the c< 
ductor: 

1 

~ V~LC' 

where L is the inductance, C the capacity of the conductor 
unit length (the length measured in the same measure as 

speed $) 

The inductance L is proportional to the permeability /*, ; 
the capacity C proportional to the dielectric constant, or spec 
capacity K of the medium surrounding the conductor, that is, 
medium through which the electric wave propagates ; that is 

a-^_ 

AJ /~~" 7 

A V jut 

where A is a proportionality constant. 

The ratio of the speed of propagation of an electric wave in 
media 1 and 2 thus is : 



for empty space, JJL = I and K = 1; 
hence, 

S _ 



where /S x is the speed of propagation in the medium of const 
/i x and K r 
Comparing equation (8) with (4) it follows : 



that is, the square of the refractive index d equals the produ 
permeability p and dielectric constant K. 

Since for most media the permeability fi = 1, for all ex 
the magnetic materials 
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This relation between the constant of the electric circuit and 
ic constant of optics d was one of the first evidences of the 
[entity of the medium in which the electric field exists with 
ic medium which carries the light waves. It is, however, only 
pproximately correct, as the refractive index <J varies with the 
equency and is derived for the extremely high frequencies of 
ght radiation, while /c refers to stationary conditions. A better 
greenicnt is thus reached when using as <J the refractive index 
strapolated for infinite wave lengths. 

12. K, is found that the different component frequencies of a 
cam of radiation are deflected differently when passing from one 
ledium into another, and the higher frequencies are deflected 




lore than the lower frequencies, thus showing thai; the velocity 
f propagation decreases with an increase of frequency, that is, 

decrease of wave length. 

This gives a means of resolving a mixed radiation into its com- 
onent waves, (hat is, info a x[)<rlriiiii, by refraction. 

A narrow beam of light />' (Kig. Hi) is passed through a prism /' 
f transparent material, and the component frequencies then 
ppear on (he screen A (or are seen by the- eye) side by side, the 
;'d /i* below, (he violet V above, in Fig. '1(1, and the green (! 
\ the middle. 



a diffraction grating, in which case the lower frequencies i 
deflected more than the higher frequencies; that is, the red nn 
than the violet. 

These two forms, the refracting spectroscope and the diffra 
ing spectroscope, now enable us to resolve a beam of mixed rac 
tion into its components and thus study its spectrum. 

13. I show you here a number of typical spectra: 

(1). The spectra of an incandescent lamp and an alco 
lamp with Welsbach mantel. These are continuous spectra, t 
is, show all the radiations from red over orange, yellow, gre 
blue, indigo to violet, uniformly shading into each other. 

(2o). The spectrum of the mercury lamp. This is a i 
spectrum, that is, shows only a finite number of bright lines 
black background. It contains five bright lines ; greenish yell 
bright green, indigo and two violet, one faint dark green line, : 
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FIG. 17. 

a number of very faint red and orange lines, of which three 
indicated dotted in Fig. 17. 

(25). The spectrum of an arc between titanium carbide < 
trodes. This also is a line spectrum, but unlike the mert 
spectrum, which has only six bright lines, the titanium spect 
contains many thousands of bright lines, so that with the 
power of the spectroscope which you have, the lines blurr 
each other and we see only the most prominent or brightest . 
on a uniformly luminous background, which latter requir 
more powerful spectroscope to resolve into lines. 

(3) . The land spectrum. This shows a number of bright be 
frequently gradually fading out at their edge and separata 
dark spaces. It thus differs from the continuous spectrum ( 
being discontinuous, that is, missing certain ranges of freque 
and differs from the line spectrum (2) in that the band spec 
has a number or range of frequencies in each band, where th< 
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spectrum has only one single, frequency in each lino. Such 
band spectra are usually characteristic of luminescent compounds 
or of gases and vapors at high pressure, while elementary gases 
or vapors give lino spectra,. Absorption and fluorescence also 
give band spectra, and I thus show you a band spectrum by opera- 
ting a mercury lamp in a tube of uranium glass, behind a trans- 
parent screen colored by rhodamino (an aniline dye which 
fluoresces red). As you see, the spectrum shows a broad red 
band, due to the reddish screen, and a greenish yellow band due 
to the uranium glass, while the normal mercury lines arc de- 
creased in intensity. 

(4). ]f you now look with the, spectroscope at the Welsbach 
mantel through the mercury arc stream, you see the continuous 
spectrum of the mantel and superimposed upon it the lino spec- 
trum of the, mercury lam]). The light giving mere, my vapor thus 
is transparent for the. light, of the Welsbach mantel back of it, and 
lets it pass through, with the exception of those particular fre- 
quencies which it .gives itself; that, is, a luminous gas absorbs 
those frequencies of radiation which it produces, but is trans- 
parent for all other frequencies. This is easily understood: an 
atom on which a vibration impinges will bo set in motion by it, 
and thus absorb the energy of the. impinging vibration if it is abb 
to vibrato with the frequency of the impinging vibration; that is, 
to resonate with it, but, will not, be affected by any oilier frequency 
to which it, oannol, respond, and thus is transparent to all frequen- 
cies of vibration, except to those, to which it can respond; that is, 
which it produces when vibrating. 

When looking at a continuous spectrum through a luminous 
gas or vapor, two cases thus may or.eur: either the spectrum linos 
of the gas are. brighter than the continuous spor.triun, as in the 
present rase, and (hen appear as bright lines on a bright back- 
ground, or the continuous spee.trum is brighter than the lines of 
the gas spec! rum in front of it and the lines of the. gas spectrum 
appear less bright than the background, that is, appear as dark 
lines on a bright, background. Such a spectrum is called a 
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which arc in the sun's atmosphere as dark lines on the continuous 
spectrum given by the inner core of the sun. 

Whether the line spectrum of a gas or vapor is reversed by the 
continuous spectrum of a solid or liquid back of it or not depends 
upon, the relative intensity, and thus, to some extent, on the rela- 
tive temperature. Some fixed stars show bright lines on a less 
luminous background, due possibly to a higher temperature and 
greater thickness of their atmosphere, and sometimes bright lines 
and dark lines occur simultaneously, or dark lines may change to 
bright lines at such places at which, by some activity, as a tem- 
perature rise, their brilliancy is greatly increased. 




FIQ. 18. 

Combinations of the different types of spectra: continuous 
spectrum, line spectrum, band spectrum, reversed spectrum, 
frequently occur, as we have seen bands and lines together in tlio 
modified mercury spectrum, and in this case, by turning on an. 
incandescent lamp, we can still add a continuous spectrum due 
to the light of the incandescent lamp reflected from the walls of 
the room. So also in the continuous spectrum of incandescent 
bodies, bright bands or dark bands occasionally appear, that is, 
regions in the spectrum of greater or lesser intensity, as wul^be 
discussed in the paragraphs on colored radiation and selective 
radiation. 
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14. When si beam of radiation impinges upon a body it is 
resolved into three parts: one part is reflected, that is, docs not 
enter the body .'it all, but is thrown, battle. The second part is 
absorbed in the body, that is, converted into another form of 
energy (which other form of energy usually is heat, but may bo 
chemical energy, some, other frequency of radiation, etc.) and the 
third part is transmitted, thai/ is, panses through the body, and 
out of it, if the. body is not too thick. No body reflects, or 
absorbs, or transmits all the radiations, but even the most per- 
fectly reflecting body absorbs and transmits some radiation, the 
most transparent body reflects and absorbs Home, radiation, etc. 

Relleetion may be either regular reflection, or irregular reflec- 
tion. Ju the former case (Kig. IS) (lie beam of light is reflected 
under the. same angle under which it impinges upon the body, 
and the. body thus acts as a mirror, that is, gives a virtual image 




back of it as shown in dotted line in Kig. 'IS. In the latter case 
(Kig. 1',)) the light is reller.lrd irregularly in all directions. 

A body which relleclsall the frequencies of radiation uniformly, 
that is, in which the pi'ir.cnlage of the impinging radiation, which 
is reflected, is llu- same fur id I frequencies of nidiiilion, is called a 
coloring ////, and a body which reflects a higher percentage of the 
radiation of some frequency than of other frequencies, is called 
a ciilnrcil Ixnti/, and ils color is the. color of radiation, that is, 
Ihe frequency or lYeqiieneies which it rolle.els more than other 
frequencies. 

A colorless body which rellecls all the radiation impinging upon 
it is culled a "'It/la Itotlij. Most nearly white bodies are silver, 
magnesia, chalk, etc. A body which reflects none of the radiation 
impinging upon it, but absorbs all, is called a black body. The 
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most nearly black bodies are lampblack, charcoal, etc. A body" 
which reflects a constant part of the impinging radiation, that is, 
the same part or percentage for all frequencies, is called a grey 
body, and the ratio of the reflected light to the total impinging 
light is called its whiteness or albedo. A perfectly white body 
thus has albedo 1, a perfectly black body albedo 0, and a body 
which reflects one-quarter and absorbs the other three-quarters 
of the radiation of any wave length impinging upon it, would be 
said to have albedo 0.25. 

Black, white and grey thus are not considered as colors in 
physics. 

As examples of colorless bodies I show you here: 
Regular reflection: polished silver, white; polished iron, grey. 
Irregular reflection: powdered magnesia, white; lampblack, 
black; powdered zinc, barium sulphide, grey. 
As example of colored bodies I show you : 
Regular reflection: polished copper, red; polished gold or 
brass, yellow. 

Irregular reflection: mercury sulphide (cinnabar), red; potas- 
sium bichromate, orange; magnesium chromate, yellow; copper 
acetate-arsenite (paris green), green; copper oxide, hydrate 
precipitated by ammonia, blue ; ultra-marine, indigo ; magnesium 
permanganate mixed with magnesia, violet. 

15. Of the radiation which enters a body, that part which is 
absorbed is usually converted into heat. Thus a black body, 
when exposed to radiation, becomes hotter than a white body, 
which reflects, or a transparent body, which transmits, most 
of the radiation. Thus the globe of a colored incandescent lamp, 
which absorbs more of the radiation than a transparent globe, 
becomes hotter than a clear glass globe. When scattering dirt 
on the snow it can be made to melt down far more rapidly in the 
spring, under the rays of the sun, than when remaining clean, etc. 
Some bodies convert the absorbed radiation into chemical 
energy, into other frequencies of radiation, etc. 

Bodies which convert the absorbed radiation, or rather a part 
thereof, into radiation of different, as far as known always 
lower, frequencies, arc called fluorescent bodies. Thus the solu- 
tion of rhodamine in alcohol, which 1 show you here, nuoresces 
red. It transmits red light, but absorbs green, blue and violet 
light, and converts a part thereof into red light. This is best 



RELATION OF BODIES TO RADIATION. 31 

illustrated by exhibiting it in a source of light which contains no 
'rod rays, as the mercury lamp. You see in the rays of the mer- 
cury lamp the rhodamino solution looks bright reel, the red light 
seems to come from the inside of it, and especially through a red 
glass the solution looks like a red hot incandescent body. Here 
then, as no red light reaches the solution, the red light given by it 
must be produced by frequency conversion from other radiation. 
The spectroscope shows especially the bright green mercury line 
weakened. 

Tho phenomena of conversion of absorbed light into other 
forms of energy will bo more fully discussed in the following 
.paragraphs. 

1(>. By the transmitted light, that is, the radiation which 
passes through thorn, bodies are again divided into colorless 
bodice; that is, such bodies which transmit the same percentage 
of radiation for every wave length or frequency, and colored 
bodies; that is, bodies which transmit a larger percentage of 
radiation of some frequencies than of others, and as the trans- 
parent color of n bod}-, then, is understood the color, that is, the 
frequency, of that radiation of which the greatest percentage is 
truTismiUKwI. Thus n red glass is one which transmits a higher 
percentage of rod radiation than of any other radiation. 

A body, th(!i), is culled Immparcnl, if it transmits all the radia- 
tion, and ojiaquK, if it transmits no radiation, but absorbs or 
roflectH all. Jf only a part of tho radiation is transmitted, but 
in such manner that it is tho name part for all frequencies, the 
body IH called (/re.;/; or impc-rfaclly transparent,, if the part which 
is not transmitted is absorbed in tho body; and translucent, if 
the part which is not transmitted is irregularly reflected inside 
of tho body. 

Tho most perfectly transparent bodies, for visible light, are 
glass, water, quart/, etc.; the most opaque are the metals, and 
perfectly, or almost perfectly opaque are the magnetic metals, 
perhaps due to tho very low .speed of propagation, in these metals, 
which would result from the high value of the permeability // by 
equation (S) paragraph .11. 

As example of colorless bodies I show you hero a glass tube 
filled with water, transparent; a tube filled with nigrosinc solu- 
tion in alcohol, opaque and black; a very diluted solution of 
nigrosinc with traces of other aniline dye for color correction, in 
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alcohol, as grey, and a tube filled with an emulsion of water with 
a solution of chloroform in white paraffin oil, which latter solu- 
tion has the same specific gravity as water, translucent. 

Samples of transparent colored bodies are: carmine solution 
red; potassium bichromate solution, orange; potassium chromate 
solution, yellow; nickel sulphate solution, green; copper nitrate 
solution, blue; diluted potassium permanganate solution, or 
diluted solution of iodine in chloroform, violet. 

As seen, the terms "colorless" and "' colored " have two dif- 
ferent meanings when applied to the reflected radiation and 
when applied to the transmitted radiation, and the color of a 
body in reflected light may be different, and frequently is differ- 
cnt, from its color in transmitted light, and some bodies may be 
colorless in reflected light, but colored in transmitted light, and 
inversely. In materials of low absorption, the transmitted and 
the reflected colors must be approximately complementary; thus 
the transmitted color of the atmosphere is orange, the reflected 
color blue. 

17; Colors arc, therefore, distinguished into opaque colors and 
transparent colors. The opaque colors arc those shown by the 
light reflected from the body, the transparent colors those shown 
by the light transmitted through the body. In reflected light, 
the transparent colors, therefore, show only when covering a 
white, that is reflecting, surface, and then, because the light 
reflected from the white background of the transparent coloring 
body traverses this body twice, before and after reflection, and, 
therefore, depend in their brilliancy on the background. The 
difference between opaque and transparent colors, the former 
reflecting from the surface, the latter reflecting from back of 
the colored substance, is seen by comparing the appearance of 
the two classes of colors shown in 14 arid in 10. 

In its general use, the terms colorless, while, black, transparent, 
opaque, refer only to the visible radiation, that is, to the frequen- 
cies within that octave which the eye perceives as light. More 
broadly, however, these terms may in physics be applied to the 
total range of radiation, and then many substances which are 
colorless for visible, light, would be considered as strongly colored, 
that is, show for different frequencies great differences in the per- 
centage of radiation which they reflect or transmit. Thus we 
have seen that glass, which is transparent for visible light, is 
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entirely opaque for some ultra-violet light mid also opaque for 
ultra-red light, of low frequency, so in this broader souse would 
luivo to be c.alled colored', the color of clear glass, however, is that 
of the visible spectrum; or, for instance, iodine solution, which is 
opaque for visible! light, is transparent for ultra-red light, that is, 
its color is ultra-red, etc. 

In this broader sense, referring to the total range and not 
merely to the visible, range, glass, water, mica, etc., are not color- 
less transparent but colored, and quart/ is probably the most 
transparent and colorless body. 

IS. The color of the body, tints, is rep reseu (;< id by that fre- 
quency or those, frequencies of radiation of which a higher per- 
w.ntage. are reflected or transmitted than of the other frequencies 
of radiation. This color, therefore, is a characteristic! property 
of the body and independent of the character of the light and of 
its physiological effect on the, eye, and can thus be called the 
ciclunl nr tibjui'lw, color of the body. .If we consider diffused 
daylight as while, then the body appears to the eye in its 
objective- or actual color when compared with a white body, 
that is, a body uniformly reflecting all radiation in the, diffused 
daylight. Under oilier conditions, as, for instance, in artificial 
illumination, In idles do not always appear to the, eye in their 
objective, colors, but may show a very different color depending 
on the charaeler of the source of light. For instance, 1. have 
liere a [ilale of colored glass: looking through it at the, mercui'y 
lamp you see the glass has an olive green color; but when I turn 
on an incandescent lamp yon see that it is ordinary red glass. 
Its olijcelive color is red, its subjective color in the. mercury 
light is green. Looking through this glass in daylight it 
appears red as it Iransmils more red light than other colors of 
light, and the Iniiismilled light thus contains a higher per- 
centage of red rays than diffused daylight. The rays of the 
mercury lamp, however, contain very little red light and very 
much green light, and while by Ibis red glass a much higher 
percentage, of the. red light from the. mercury lamp is trans- 
mitted than of its green light, (his higher percentage of trans- 
mitted red light is very much less than the lower. percentage of 
the. transmitted green light, and, therefore, in the transmitted 
light, green still preponderates more, tliiin in the diffused day- 
light, that is, I he glass appears green. For instance, if in the 
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mercury lamp the ratio of red light to green light is only one 
hundredth of what it is in daylight, and the red glass transmits 
ten times as high a percentage of red as of green light, then in 
the light of the mercury lamp transmitted through this red glass 
the ratio of red light to green light is still only one-tenth of what 
it is in daylight, and the glass thus appears green. 

We have to distinguish between the actual or objective color of a 
body, which is a constant of the body, and its apparent or sub- 
jective color, which depends upon the light in which we view the 
body, and therefore may be very different for different iUumi- 
nants, and bodies which have the same colors in one illuminant 
may have entirely different colors in another illuminant and 
inversely. It is, however, the subjective color of the body cor- 
responding to the particular illuminant used which we see, and 
which is, therefore, of importance in illuminating engineering, 
and the study of the subjective colors, therefore, is of foremost 
importance, and the success or failure of an illumination depends 
on the production of the desired subjective colors. 

19. Broadly, an illuminant discriminates for the color in which 
it is deficient and the color in which it is rich. The color 
in which the illuminant is deficient as red in the mercury lamp, 
blue and violet in the incandescent lamp appears black; the 
color in which the illuminant is abnormally rich as yellow in 
the incandescent lamp, green in the mercury lamp appears as 
white; that is, both colors disappear, more or less; as colors, be- 
come colorless. Thus in the yellow incandescent lamp, opaque 
yellow appears the same as white, opaque blue and violet appeal- 
more or less as black; transparent yellow appears colorless, trans- 
parent blue and violet appear colorless and from light transparent 
grey to opaque black. In the green mercury lamp, opaque green 
and white appear the same, opaque red appears as black; trans- 
parent green appears colorless, and transparent red appears 
colorless, from clear transparent to grey, to opaque black, de- 
pending upon its intensity. 

It is interesting to sec the difference between opaque and 
transparent colors in this respect: as opaque colors the deficient 
color turns black, the excess color white; but as transparent 
colors both become colorless and more or less transparent. Thus, 
in the mercury lamp, red and green as transparent colors both 
vanish, or rather, very greatly decrease in their prominence. 
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nitmuiry light it 
in the. light of the 
tlic blue, is blotted out. 

.incandescent lamp, two 
I JfcUWi ojjl i; 4<he, incandescent lamp and 
amp, andj^^Hi'e the. one pirns is blue, and 

.. - ... . _,_ ,. u two pieces of brownish black 

n Ihe mwihiry light. AKffangmg to the incandescent lamp 
[ I hat ihf'one is a bright e.rimson, and the. other still practi- 
ilack. In both cases the color deficient in the iUuminanb 
eil as black. 

i lube of copper chloride c.ryslals appears bright, green in 
aiidescenl, lamgi. In the. mercury light it is a dirty white. 
;eess culor, green, is blotted out. 

e crystal:; of didymium nilrale, which are a light pink 
lighl, are dark pink in Ihe incandescent light. In the 
i'y lighl they arc blue: Ihe color is a mixture of red and 
uid llic one is lilnilcil out in (lie mensiiry light and the 
in I hr incandescent light. 

e two lubes, one containing a concentrated solution of 
ijie.-r c.hloridr, the nl her a solul ion of didyminm nilrale, are 
i dark pink in Ihe incandescent light. In Ihe mercury 
he liiv.l becomes a faint pink, I lie second becomes grass 

! lubes, inie conlnininga solution of didymium nitrate, the 
idilulnl : uliilinn of nickel sulphate, appear bolh light green 
mercury lighl. In the. incandescent lamp the former is 
/ink. Hie latter dark green. [Didymium, which formerly 
m.'-ideivd as an element, has been resolved inlo two ele- 
, praseodymium, which gives green sails, and ncodymium, 
gives pink sails. Jt is inleresling lo see that Ibis sepura- 
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tion is carried out photometrically by the light: the mercury 
lamp showing only the green color of the praseodymium, the 
incandescent lamp the pink color of ncodymium]. 

I have here a number of tubes, which seen in the light of 
the incandescent lamp contain red solutions of nearly the same 
shade. Changing to the mercury lamp you see that they exhibit 
almost any color. As the red disappeared in the mercury lamp 
the other component colors, which did not show in the incandes- 
cent lamp as they were very much less in intensity than the red, 
now predominate: potassium permanganate solution turns blue, 
carmine blue; potassium bichromate, greenish brown; coralline, 
(an aniline dye), olive green, etc., etc. 

Again, a number of tubes, which in the mercury light appear of 
the same or nearly the same blue color, turn to very different 
colors when seen in the incandescent lamp, due to the appearance 
of red and green, which were not seen with the mercury light. 

A solution of rhodamino, however, which looks a dull red in the 
light of the incandescent lamp, turns a glowing crimson in the 
mercury lamp, due to its red fluorescence.. This diluted solution 
of rhodamine and methyl green (aniline dyes), which is grey in the 
light of the incandescent lamp, turns brownish red in the mercury 
lamp, the green is blotted out, while the rhodamine shows its 
red fluorescence. Thus, you see, the already very difficult prob- 
lem of judging the subjective colors of bodies under different illu- 
miuants is still greatly increased by phenomena as fluorescence. 
To conclude then : we have to distinguish between colorless arid 
colored bodies, between opaque colors and transparent colors, 
between color, as referral to the visible range of radiation only, 
or to the total range, including ultra-rod and ultra-violet, and 
especially we have to realize the distinction between objective or 
actual color, and between subjective or apparent color, when 
dealing with problems of illuminating engineering. 
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The MKisl impnrlaiil. physiological effect is the visil)ilifcy of 
arrow raiific of radialion, of less Hum mid oc.La.vti, between 

length 70 >: II) "and ,'!'.) X 1(1 ". 

c nil IK'' "I" inlensily of illuininalioii, over whic.h tht) eye tiun 
,'illi practically equal ciiiiifoi'L, is enormous: the average; 
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in limes p'ealer (ban (lie illuininalioii ^iveii by the full moon, 
;lill we can see fairly, well in eillier case; l.liaL is, the human 
an adap! i I self In enormous differences in the intensiLy of 
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eiiccs in iiilen.sily wilhoiil ineasuriiifj; (hem. The. pholo- 
iii' camera reali/.es il. An expnsiin; lakcn in i',,) second 

i 1 ,, opening of I lie diaphragm in full sunlifj;li(, usually }j;ives a 
r pboln^raph I ban an exposure of 10 minutes at full opening, 
e lij'.hl of (he full moon. The ralio of time of exposure in 
an cai-e.'., however, is alioiil I (o I, ()()(),()()(), thus showing the 
enre in I lie inleiisily nl' illuiniiia I inn. Also, the disk of 1,1 10 
i. when : een in daylij'Jil , has about (lie same intensity as the 
:i>me\vhul more I ban (lie cloudless sky, less than white 
lin;^ cloud;;. A;; (lie surface of (he moon's disk, of one-half 
e diameter, is almiil , .', , I lie siirfii.ce of the sky, it, thus 
vs thai (be dayli.i'.hl rellecled from the sky is about l()(),()()() 
^ more intense Iban lln> livjil of the full moon. 
e nrj'.an I iy wliieb we perceive llie radiation, l.liti luiniiiii eye 

L!(l). cunlaiii:; all ibe eleineiils of a modern ]ihotofj;raphic, 
ra an iirlirciiiialic leiise: the lenst 1 L, of \\\g\i relVacllvt! 
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i cnrrecl llh' color dispersion, (hat is, ^ivc (lie achromatic. 
rly; a diaphni;.',m: (lie ins /. \\'hich allows the increase or 
ase of (lie oponiiitf /', llie pupil; a shutter: Uio cydids and 
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the sensitive plate or retina R. The nerves of vision end at the 
back of the retina, and in the center of the retina is a spot F 

the " sensitive spot " or " fova," at which 
the retina is very thin, and the nerve 
l ends specially plentiful. At this spot we 
P thus sec sharpest and clearest, and it is 
this spot we use for seeing by turning 
the eye so as to fix on it the image of 
the subject we desire to see, while the 
image on the rest of the retina is used 
merely for orientation. 

The adaptability to the enormous 
FlG - 20 ' range of intensity of illumination, which 

as scon we meet in nature, is secured: 

(1). By changing the opening and thereby the amount of light 
admitted to the eye, by contracting or opening the pupil ' ".. This 
action is automatic. In low intensity of illumination the pupil 
thus is wide open and contracts at higher intensities. As this 
automatic action takes an appreciable, though short time, a flash 
light photograph shows the pupil of the eye fully open and thereby 
gives a staring impression to the faces which is avoided by keep- 
ing a photographically inactive light, as a candle, burning outside 
of the field of the camera when preparing for a flash light photo- 
graph. _ _ 

(2). By the fatigue; of the optic nerves, exposed to high inten- 
sity of illumination, the nerves becomes less sensitive, while at 
low intensity they rest and thus become more sensitive, and the 
differences of sensation are hereby made very much less thar 
corresponds to the differences of intensity of radiation. There- 
fore, when entering a brightly illuminated room from the dark- 
ness we are blinded in the first moment, until the eye get; 
accustomed to the light, that is, the nerves become fatigued anc 
so reduce the sensation of light. Inversely, when stepping front 
a bright room into the darkness we first sec almost nothing unti 
the eye gets accustomed to the darkness, that is, the nerves o 
vision are rested and their sensitivity thus increased so as to per 
ceive the much lower intensity of illumination. 

(3). By the logarithmic law of sensation. The impression mad 
on our senses, eye, ear, etc., that is, the sensation, is not proper 
tional to the energy which produces the sensation, that is, th 
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intensity of the light, the sound, etc., but is approximately 
proportional to its logarithm and the sensation, therefore, 
changes very much less than the intensity of light, ete., which 
causes the sensation. Thus a change of intensity from 1 to 
1000 is 1000 times as great a change of intensity as from 
1 to 2, but the change of sensation in the first case, log 1000 = 3, 
is only about 10 times as great as the change in the latter case, 
log 2 = 0.301. 

This logarithmic law of sensation (Fechner's Law), while usu- 
ally not clearly formulated, is fully familiar to everybody, is con- 
timiously used in life, and has been used from practical experience 
since by-gone ages. It means that the same relative or percent- 
age change in intensity of light, sound, etc., gives the same change 
of sensation, or in other words, doubling the intensity gives the 
same change in sensation, whether it is a change of intensity from 
one candle power to two candle power, or from 10 to 20, or from 
1000 to 2000 candle power. 

It is obvious that the change of sensation is not proportional to 
the change of intensity; a change of intensity of light by one 
candle power gives a very marked change of sensation, if it is a 
change from one to two candle power, but is unnoticeablc, if it is a 
change from 100 to 101 candle power. The change of sensation 
thus is not proportional to the absolute change of intensity one 
candle power in either case but to the relative or percentage 
change of intensity, and as this is 100 per cent in the first, 1 per 
cent in the latter case, the change of sensation is marked in the 
first, unnoticcablo in the latter case. 

This law of sensation we continuously rely upon in practice. 
For instance, when designing an electrical distribution system for 
lighting, wo consider that the variation of voltage by 1 per cent is 
pormksiblc aw it gives a change of candle power of about 5 per 
cent, and 5 percent variation is not seriously noticeable to the eye. 
Now this 5 per cent change of candle power may be a change from 
1 to 0.95, or by jV candle power, or it may be a change from 1000 
to 950, or by 50 candle power, and both changes we assume, and 
are justified herein from practical experience, to give the same 
change of sensation, that is, to be near the limits of permissi- 
bility. 

This law of sensation (Fechner's Law) means : 

If i = intensity of illumination, as physical quantity, that is, 
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the sensitive plate or retina R. The nerves of vision end at the 
back of the retina, and in the center of the retina is a spot F 

the " sensitive spot " or " fova," at which 
the retina is very thin, and the nerve 
ends specially plentiful. At this spot we 
thus ROC sharpest and clearest, and it is 
this spot we use for seeing by turning 
the eye so as to fix on it the image of 
the subject we desire to see, while the 
image on the rest of the retina is used 
merely for orientation. 

The adaptability to the enormous 
20- range of intensity of illumination, which 

as seen we meet in nature, is secured: 

(1). By changing the opening and thereby the amount of light 
admitted to the eye, by contracting or opening the pupil ':, This 
action is automatic. In low intensity of illumination the pupil 
thus is wide open and contracts at higher intensities. As tliis 
automatic action takes an appreciable, though short time, a flash 
light photograph shows the. pupil of the eye fully open and thereby 
gives a staring impression to the faces which is avoided by keep- 
ing a photographically inactive; light, as a candle, burning outside 
of the field of the camera when preparing for a flash light photo- 
graph. 

(2). By the fatigue, of the optic nerves, exposed to high inten- 
sity of illumination, the nerves becomes less sensitive, while a/t 
low intensity they rest and thus become more sensitive, and the 
differences of sensation are hereby made very much less thai: 
corresponds to the dilTeronc.es of intensity of radiation. There- 
fore, when entering a brightly illuminated room from the dark- 
ness we are blinded in the first moment, until the eye get; 
accustomed to the light, that is, the nerves become fatigued ant 
so reduce the sensation of light. Inversely, when stepping fron 
a bright room into the darkness we first see almost nothing unti 
the eye gets accustomed to the darkness, that is, the nerves o 
vision arc rested and their sensitivity thus increased so as to per 
ccive the much lower intensity of illumination. 

(3). By the logarithmic law of sensation. The impression mad 
on our senses, eye, ear, etc., that is, the sensation, is not propor 
tional to the energy which produces the sensation, that is, th. 
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intensity of the light, the sound, etc., but is approximately 
proportional to its logarithm and the sensation, therefore, 
changes very much less than the intensity of light, etc., which 
causes the sensation. Thus a change of intensity from 1 to 
1000 is 1000 times as great a change of intensity as from 
1 to 2, but the change of sensation in the first case, log 1000 = 3, 
is only about 10 times as great as the change in the latter case, 
log 2 = 0.301. 

This logarithmic law of sensation (Feohner's Law), while usu- 
ally not clearly formulate I, is fully familiar to everybody, is con- 
tinuously used in life, and has been used from practical experience 
since by-go no ages. It means that the same relative or percent- 
age, change in intensity of light, sound, etc., gives the same change? 
of sensation, or in other words, doubling tho intensity gives the 
same change in sensation, whether it is a change of intensity from 
one candle, power (o two candle power, or from 10 to 20, or from 
1000 to 2000 candle power. 

It is obvious that the change of sensation is not proportional to 
tho change of intensify; a ch.'mgo of intensity of light by one 
candle power gives a very marked change of sensation, if it is a 
change from one to two candle, power, but is unnoticeable, if it is a 
change from 100 to 101 candle power. The change of sensation 
thus in not proportional to the absolute change of intensity ono 
(iandle power in either case but to the relative, or percentage 
change of intensity, and as this is 100 per cent in the first, 1 per 
cent in the latter case, the change of sensation is marked in the 
first, unnoticeablo in the latter cast;. 

This law of sensation we continuously rely upon in practice. 
For instance, when designing an electrical distribution system for 
lighting, we consider that the variation of voltage by 1 per cent is 
permissible as it gives a change of candle power of about 5 per 
cent, and 5 per cent variation is not seriously noticeable to the eye. 
Now this 5 per cent change of candle power may be a change from 
1 to O.U5, or by s i ft candle power, or it may be a change, from 1000 
to 9. r )0, or by f>0 candle power, and both changes we assume, and 
are justilied herein from practical experience, to give; the same 
change; of sensation, that is, to be near tho limits of permissi- 
bility. 

This law of sensation (Kechner's Law) means: 

If i = intensity of illumination, as physical quantity, that is, 
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in meter-candles or in watts radiation of specified wave length 
the physiological effect given thereby is : 

L = A log - 
% 

where A is a proportionality constant (depending on the physio- 
logical measure of L) and i a is the minimum perceptible value of 
illumination or the "threshold value," below which sensation 
ceases. 

The minimum value of change of intensity i, which is still 
just perceptible to the average human eye, is about 1.6 per cent. 
This, then, is the sensitivity limit, of the human eye for changes 
of illumination. 

Obviously^ when approaching the threshold value i a , the sensi- 
tivity of the eye for intensity changes decreases. 

The result of this law of sensation is that the physiological effect 
is not proportional to the physical effect, as exerted, for instance, 
on the photographic plate. The range of intensities permissible 
on the same photographic plate, therefore, is far more restricted. 
A variation of illumination within the field of vision of 1 to 1000, 
as between the ground and the sky, would not be seriously felt by 
the eye, that is, not give a very great difference in the sensation. 
On the photographic plate, the brighter portions would show 1000 
times more, effect than the darker portions and thus give bad 
halation while the latter are still under exposed. A photographic 
plate, therefore, requires much smaller variations of intensity in 
the field of vision than permissible to the eye. In the same man- 
ner the variations of intensity of the voice, used in speaking, are 
far beyond the range of impression which the phonograph cylin- 
der can record, and when speaking into the phonograph a more 
uniform intensity of the voice is required to produce the record, 
otherwise the lower portions of the speech arc not recorded, while 
at the louder portions the recording point jumps and the voice 
breaks in the reproduction. 

21. The sensitivity of the eye to radiation obviously changes 
with the frequency, as it is xero in the ultra-red, and in the ultra- 
violetwhere the radiation is riot visible and thus gradually 
increases from zero at the red end of the spectrum to a maximum 
somewhere near the middle of the spectrum and then decreases 
again to zero at the violet end of the spectrum; that is, the physi- 
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ological effect produced by the; same radiation power as one 
watt of radiating power is a maximum near the middle of the 
visible spectrum and decreases to xero at, the two ends, about as 
illustrated by the curves in l''ig. 21. Inversely, the mechanical 
equivalent of light, or the power required to produce the same 
physiological effect 1 as one candle power of light is a 
minimum near the middle, of Hie spectrum and increases from 
there to infinity at the end of the visible range, being infinite 
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in the ultra-red and ultra-violet, where, no power of radiation can 
produce visibility. It thus varies about as indicated in Fig. 22. 

The mechanical power equivalcntof light, thus, is not constant, 
as the mechanical energy equivalent of heat - which is42(i kgm. 
or '1.2/5 kilo-joule per calorie - bill, is a function of the frequency, 
thai; is, of the color of radiation, with a maximum, probably nofc 
very far from 0.02 will. I, per candle power in the middle, of the 
spectrum. 

When comparing, however, the physiological effects of different 
frequencies of radial-ion, that is, different colors of light, the diffi- 
culty arises that different colored lights cannot be compared 
photometrically, as all photometers are based on making the illu- 
mination produced by 1,1 le two different sources of light equal, and 
when these sourc.es of light are of different color they can never 
become equal. As long as the colors are not; very different 
two different shades of yellow or yellowish white and white the 
eye can still approximately estimate the equality of intensity and 
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thus compare them, though not as accurately as when the two 
sources of light are of the same color. With very great color 
differences, as green light and orange light, this is no longer 
feasible. However, an accurate comparison can still he made on 
the basis of equal ease in distinguishing objects. As the pur- 
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pose for which light is used is to distinguish objects, the correct 
comparison of lights obviously is on the basis of equal distinctness 
of objects illuminated by them; that is, two lights, regardless 
whether of the same or of different colors, give the same candle 
power, that is, the same physiological effect, if they enable us to 
distinguish objects with the same ease at the same distance. 
Experience has shown that the sharpest distinction, that is, the 
greatest accuracy in comparing different lights in this manner, is 
reached by determining the distance from the source of light at 
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which print of moderate size just ceases to bo readable. For this 
purpose, the print, must he a mixture of letters which do not form 
intelligible words and the point which can be determined most 
accurately is where largo letters,, us capitals, are still readable, 
while .small letters arc already unreadable (see p. 174). Obviously, 
in comparing different colors of light the object must be colorless, 
that is, the print be blank on white. This method of comparison 
of the physiological effect, by what has been called the "lumino- 
mcter," is theoretically the. most correct, as it is independent of 
the color of light. It is, however, not as accurate as the compari- 
son by photometer, and thus the average of a number of observa- 
tions must be used. The only error which this method leaves is 
that due, to the difference in the sensitivity of different eyes, that 
is, due to the differences between the sensitivity curves (!< % ig. 21), 
and this in most cases seems to be very small. 

22. It is found, however, that the sensitivity curve, for different 
colors of radiation is a function of the intensity of radiation; that 
is, the maximum sensitivity point of the, eye is not at a definite 
frequency or wave length, but varies with the intensity of illumi- 
nation and shifts more towards the red cud of the spectrum for 
high, towards the violet end of 1.1m spectrum for low intensity of 
illumination, and for illumination of very high intensity the maxi- 
mum physiological effect lakes place in the yellow light, while for 
very low intensity of illumination it occurs in the. bluish green 
light; that is, a I. high intensity yellow light requires les.s power 
for the same physiological effect than any other color of light, 
while for low intensity, bluish green light requires less power for 
the same physiological effect than any other color of light. Tints, 
if an orange yellow light, as a flume carbon arc, and a bluish green 
light, as a mercury lain]), appear of the same intensify from the 
distance of 100 feet, by going nearer to the lamps the orange 
yellow appeal's to increase mure rapidly in intensity than the 
bluish green, and from a very short distance the former appears 
glaring bright, while the latter is disappointing by not showing 
anywhere near the same apparent intensity. Inversely, when 
going further and further away from (.he two lumps the orange 
yellow light seems to fade out more rapidly than the. bluish green, 
arid has practically disappeared while the bluish green is still 
markedly visible. A mercury lamp, therefore, can be seen from 
distances from which a much brighter yellow flame arc is praoti- 
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cally unnoticeable, but inversely, from a very short distance the 
yellow light appears dazzling, while a mercury lamp O f higher 
candle power appeai-s less bright. 

Fig. 23 illustrates the change of sensitivity with intensity bv 
approximate curves of the variation of the relative sensitivity of 
the average human eye with the intensity i of illumination in 
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meter candles (or rather log i] as abscissas, for red light, wave 
length 65.0; orange yellow light, wave length 59; bluish green 
light, wave length 50. 5; and violet light, wave length 45.0. 

As seen for red light as well as violet light the two ends of 
the visible spectrum 'the sensitivity is low, while for orange 
yellow as well as bluish green light near the middle of the 
visible range the sensitivity is high. 

For bluish green light, however, the sensitivity is high at low 
and moderate intensities but falls off for high intensities, while 
for orange yellow light the sensitivity is high at high intensities 
and falls off at medium and low intensities and ultimately vanishes, 
that is, becomes invisible at intensifies many times higher than 
those at which green light is still well visible. 

Red light vanishes from visibility still earlier than orange yel- 
low light, while violet light remains visible even at very low 
intensities. 

The vanishing points of the different colors of light, that is, 



PHYSIOLOGICAL K1''FK(!TX 01'' RADIATION. 



45 



.niniinum intensities wliic.li can just be pereeived arc., approxi- 
ely, at: 



red oriuifri'. yr.llow green bluo violot 
07 (!().."> 57. & M.!> 47 4,'J X 10~ 8 



iBii.y....7 = (). (>.()or>() o.oo2!) 0.00017 0.00012 0.00012 

livn radiation 

vtvr ..... po =-= 10,000 1000 100 1 2 '20 

hat is, the. minimum visible amoinii. of green light represents 
least anuiunl, of power; UK; minimum visible, amount of 

light requires twic.c ns much power as green light;; violet 
'j 20 times as mur.h, but yellow light 100 limes aiul red light 
i 10,000 times as much power as green light at the. threshold 
Lsibilil.y. 

'hile the intensity of radiation varies inversely proportional 
le square of the distance, it follows herelYoin that the phy.sio- 
.al effect of radiation does not vary exaetly with the squaro 
ic distance, but varies somewhat faster, that is, with a higher 
er of the. distance for orange yellow or the long-wave end of 
.spectrum, and somewhat slower, that is, with a lesser power 
le distance than the square, for bluish green or the. short-wave 

of the. spectrum. 

his phenomenon is appreciable even when comparing the 

oseil alternating carbon are with the open direct c.uri'ent car- 

arc: by photometer, where a fairly high intensity of illunii- 
on is used, the relative intensity of the two ares is found 
ewhat different than by hiiuinoinefer, that is, by reading 
anc.es nearer the lower limit of visibility. Korlow intensities, 

alternating arc compares more favorably than for high 
nsities. 

!. follows, therefore, thai, in the photometric comparison of 
iiinnnls, where appreciable color differences exist, the inten- 

of illumination at which the comparison is made, must be 
'ii, as it inthiences the result, or the candle power and the 
ance of observation slated. 

U. Not only (he sensilivity maximum is different for low and 
high intensity of illnmiiialion, but the sh/ipe of the scnsi- 
ly curve also is altered, and for low intensity is more peaked, 
1. is, the sensilivity decreases more rapidly from a maximum 
urds the ends of the spectrum than it does for high intensity 
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of illumination as indicated by the curves in Fig. 24 which 
shows approximate sensitivity curves of the average human eye: 
(a) for every low illumination near the tresholcl value of visi- 
bility or 0.001 meter-candles; (b) for medium illumination, 4.6 
meter-candles; (c) for very high illumination, 000 meter-candles. 
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(1 meter-candle is the illumination produced by 1 candle power 
of light intensity at 1 meter distance; ./V meter-candles, thus, the 
illumination produced by a light source of A^ candle power at 1 

meter distance or of 1 candle power at 7= meter distance, etc.). 



As seen, curve (a) ends at wave length l w = 01 x 10"; that is, 
for longer waves or orange and red light,, 0.001 meter-candles i.s 
below the threshold value of visibility, hence is no longer visible. 

The maximum visibility, that is the sensitivity maximum of 
the human eye, lies at wave length. 

l n = 51.1, bluish green for veiy low intensity, curve (a). 
1 = 53.7, yellowish green for medium intensity, curve (//). 
1 = 56.5, yellow for high intensity, curve (c). 

The sensitivity maximum varies with the intensity about as 
shown in Fig. 25; that is, it is constant in the bluish green fol- 
low intensities, changes at medium intensities in the range be- 
tween 0.5 and 50 meter-candles and again remains constant in 
the yellow for still higher intensities. 
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ic sensitivity curves, an given in Fig. 24, have the general 
acter of probability curves: 



n // ue 



c Z i( , is the wave, length at maximum sensitivity and # is 
sensitivity at this wave, length, that is, the maximum scnsi- 
y and /; is a constant which is approximately 120 for low, 
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ir high iiilciisil.icM and c.liniiges in approximaUily the, same 
I! of intensities in which /, changes; k a is also plotted in 
2f>. 

lis effect of (lie intensity of illumination on the sensitivity of 
ye is very impoi'lunt in illuminating e.ngiiuH-nng as it dctcr- 
s tlm color shades which are most effective for the, particular 
ose. For instance, in sending the light to great distances, 
ignalling, ele., the bluish green of the. mercury lamp is best 
d, carries farlliest, and (lie. yellow Maine arc the poorest; the 
:i carbon arc superior (olhe yellow (lame arc,, even whore the 
r is of greater intensity. Inversely, where, a big glare of 

is desired, as For deconitive purposes, for advertising, etc., 
'ellou' flume carbon arc is best united, the bluish green mer- 

lamp disappninling. 

'parent exeeplions mayexist: for instance, the. long Avavcs of 
(range yellow penefralc fog better than the short waves of 
h green, and for lighthouses, where the, important problem is 
ach the greatest possible distance in fog, yellow light, thus, 
be superior. In general, however, the. bluish green is superior 
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in visibility to the orange yellow for long distances, and inversely 
the orange yellow is superior for short distances. ' 

At the limits of visibility the eye is very many times rnore 
sensitive to green light and, in general, high-frequency light, than 
to orange yellow and, in general, low-frequency light. 

A necessary result of the higher sensitivity of the eye for green 
light'is the preponderance of green in gas and vapor spectra. As 
no special reason exists why spectrum lines should appear more 
frequently at one wave length than at any other and as the radia- 
tion is most visible in the green, this explains, somewhat the 
tendency of most highly efficient illuminants towards a greenish 
or yellow color (as, for instance, the Welsbach mantel, the Nernst 
lamp, etc.). 

Pathological and Oilier Effects on ihe Eye. 

24. Radiation is a form of energy, and thus, when intercepted 
and absorbed, disappears as radiation by conversion into another 
form of energy, usually heat. Thus the light which enters the 
eye is converted into heat, and if its power is considerable it may 
be harmful or even destructive, causing inflammation or burns. 
This harmful effect of excessive radiation is not incident to any 
particular frequency, hut inherent in radiation as a form of 
energy. It is, therefore;, greatest for the same physiological effect, 
that in,, the same amount of visibility, for those frequencies of 
light which have the lowest visibility or highest power equiva- 
lent, that is, for the rod and the violet and least for the green and 
the yellow, which for the same amount of visibility represent 
least power. Hence, green and greenish yellow light are the most 
harmless, the least irritating to the. eye, as they represent the 
least power. Wo feel this effect and express it by speaking of 
tho green light as "cold light/' and of the red and orange light as 
"hot" or "warm." The harmful effect of working very much 
under artificial illumination is largely duo to this energy effect, 
incident to the large amount of orange, red, and ultra-red 
in 1he radiation of the incandescent bodies used for illuminants 
and thus does not exist with " cold light," as the light of the 
mercury lamp. 

Blue and violet light, however, arc just as energetic, or "hot," 
as orange and red light, and the reason that they are usually not 
recognized as such is that we have no means to produce efficiently 
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rful blue and violet li^ht, and if we could produce it would 
e able to UNO it- u>1 ' illumination, duo to the specific effects of 
ight which will I ic! described iu the, following. 
Kitf. 20, let 1lie curve A r(>pre.seut roughly the mcchani(!a! 
r eqiiivnlejil of li^ht fornveniKC' ijiteii.sity, tliut is, the power 
red to produce ibe same physiological el'fec.t or the same 
Ic power. The distribution of power in au incandescent 
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carbon (ihimeut would he somewhat like ('. Ifeuco, the 
iold^ical (il'ei'l, falls oil' .sojiiewliat Inwards tint green, as C 
s more Ilian .-1 , and ahnosl vanishes m I he blue and violet, as 
/idly decreases, while .1 , I lie power required to give the same 
ioloff'ical elTe.d , raiiidly inrreiises. l''rom tlu; yollow towards 
'lid the, physiolo^irjd i ('['( tel. aji;ain decreases somewhat, but 



by A then gives the distribution of the physiological effect, curve 
C", that is, of visibility, in the incandescent lamp spectrum, show- 
ing that the color of the light is yellow. Hg gives the distribu- 
tion of power in the mercury spectrum. It is shown in dotted 
lines, as the distribution is not continuous, but the power massed 
at definite points, the spectrum lines of mercury. Hg' then gives 
the visibility curve by dividing Eg by A. As seen, the ratio of 
the area of Hg' to Hg, that is, the ratio of the physiological effect 
to the power, is much less than the ratio of the area of C f to C ' 
that is, the former produces for the same amount of visibility far 
less heat and thus is safer. 

25. Excessive intensity, such as produced at a short-circuiting 
arc, is harmful to the eye. The human organism has by evolu- 
tion, by natural selection, developed a protective mechanism 
against the entrance of radiation of excessive power into the eye : 
at high intensity of illumination the pupil of the eye contracts 
and thus reduces the amount of light admitted, and a sudden 
exposure to excessive radiation causes the eyelids to close. This 
protective mechanism is automatic;; it is, however, responsive 
mainly to long waves of radiation, to the red and the yellow light, 
but not to the short waves of green, blue and violet light. The 
reason for this is apparently that all sources of excessive radia- 
tion which arc found in nature, the sun and the fire, are rich in 
red and yellow rays, but frequently poor in rays of short wave 
length, ant I, therefore, a response to short wave lengths alone would. 
not be sufficient for protection as they might be absent in many 
intense radiations, while a response to long waves would be 
sufficient since these are always plentiful in the intense radiations 
found in nature. 

It is only of late years that illuminants, as the mercury lamp, 
which are deficient in the long waves, have been produced, and for 
these the protective action of the eye, by contracting the pupil, 
fails. This absence or reduction of the contraction of the pupil 
of the eye in the light of the mercury lamp is noticed when passing 
from a room well illuminated by incanclescentlamps, to oneequally 
well illuminated by mercury lamps and inversely. When changing 
from the incandescent light to the mercury light, the illumination 
given by the latter at first appears dull and inferior as the pupil 
is still contracted, but gradually gains in intensity as the pupil 
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3; and inversely, coming from the mercury light to the incan- 
jnt light, the latter first appears as a big glare of light, the 
. still being open, but gradually dulls clown by the contraction 
c pupil. 

is absence of the automatic protective action of the eye 
ist light deficient in long waves is very important, as it means 
exposure to excessive intensity of illumination by mercury 
may be harmful, due to the power of the light, against which 
ye fails to protect, while the same or even greater power of 
,tion in yellow light would be harmless, as the eye will pro- 
itself against it. The, mercury lamp, therefore, is the safest 
inant, when of that moderate intensity required for good 
dilation, but becomes harmful when of excessive intensity, as 
L closely looking at the lamp for considerable time, when 
iting at excessive current. The possibility of a harmful 
j is noticed by tho light appearing as glaring. This phe- 
mon explains the contradictory statements occasionally made 
ding the physiological effect of such illuminants. 
. Up to and including the green light, no specific effects, 
is, effects besides those, duo to the power of radiation, seem 
)o exist. They begin, however, at the wavelength of blue 

;how you hero a fairly intense blue violet light, that is, light 
lining only blue, and violet radiation. It is derived from a 
cul mercury lamp, which is surrounded by two concentric 
cylinders welded together at the bottom. The space be- 
n the cylinders is filled with a fairly concentrated solution 
>(,assium permanganate, (strong copper nitrate solution'or a 
U'.-ammon salt solution, though not quite so good,may also 
ied) which is opaque, to all but the blue and violet radiations, 
mi see, the, light lias n very weird and uncanny effect, is 
'inely irritating: you can see by it as the. intensity of illumi- 
>n is fairly high, but you cannot distinguish everything, and 
idly the. lamp is indefinite and hazy: you sec it, but when 
.ook at it. it disappears, and thus your eye is constantly trying 
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of the object which we desire to see, or the fova F in Fig. 19 is 
blue blind, that is, does not see the blue or violet light. Thus we 
see the lamp and other objects indistinctly on the outer range of 
the retina, but what we try to see distinctly disappears when 
focused on the blue blind spot F. This spot, therefore, is often 
called the "yellow spot," as we see yellow on it due to the 
absence of the vision of blue at this particular place of the retina. 
To produce this effect requires the mercury lamp; most other 
illuminants do not have sufficient blue and violet rays to give 
considerable illumination of this color and even if they do, no 
screen which passes blue and violet is sufficiently opaque to the 
long waves not to pass enough of them to spoil the effect, if the 
illuminant is rich in such long waves. The mercury lamp, how- 
ever, is deficient in these, and thus it is necessary only to blind off 
the green and yellow rays in order to get the blue and violet light. 
I show you hero a mercury lamp enclosed by a screen consist- 
ing of a solution of naphtol green (an aniline dye) which transmits 
only the green light. As you see, in the green the above-described, 
effect does not exist, but the vision is clear, distinct and restful. 
27. Beyond the violet the radiation is no longer visible to the 
eye as light. There is, however, a faint perception of ultra-violet 
light in the eye, not as distinct light, but rather as an indis- 
tinct, uncomfortable feeling, some form of dull pain, possibly 
resulting from fluorescence effects caused by the ultra-violet 
radiation inside of the eye. With some practice the presence of 
ultra-violet radiation thus can be noticed by the eye and sucli 
light avoided. In the ultra-violet, and possibly to a very slight 
extent in the violet and even in the blue, a specific harmful effect 
appears, which possibly is of chemical nature, a destruction "by 
chemical dissocial ion. This effect increases in severity the fur- 
ther we rwu-.li into the ultra-violet, and seems to become a. 
maximum in the range from one to two octaves beyond the violet. 
These very short ultra-violet rays are extremely destructive to 
the eye: exposure oven to a moderate intensity of them for very- 
few minutes produces a severe and painful inflammation, trie 
after effects of which last for years, and long exposures would 
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tinction is impaired and reading becomes difficult or impossible, 
especially in artificial illumination, it appears as if the sensitive 
spot F, or the focusing mechanism of the eye, were over-irritated 
and when used, for instance in reading, becomes very rapidly 
fatigued and the vision begins to blur. If further irritation by 
ultra-violet light or by attempting to read, etc., is avoided, 
gradually the rapidity of fatigue decreases, the vision remains 
distinct for a longer and longer time before it begins to blur and 
ultimately becomes normal again. 

The inflammation of the eye produced by ultra-violet light 
appears to be different from that caused by exposure to high- 
power radiation of no specific effect, as the light of a short circuit 
of a high-power electric system, or an explosion, etc. 

The main differences are: 

1. Tin 1 efTecl of high-power radiation (power burn) appears 
immediately after exposure, while that of ultra-violet radiation 
(ultra-violet burn) appears from (i to IS hours after exposure. 

2. The external symptoms of inflammation: redness of the 
eyes and (he face, swelling, copious (.ears, etc., are pronounced 
in the power bum, but very moderate or even entirely absent 
in the ultra-violet burn. 

.'!. Complete recovery from a power burn oven in severe, cases 
usually occurs within a few days, leaving no after effects, while 
recovery from an ultra-violet burn is extremely slow, taking 
months or years, ami some after effects, as abnormal sensitivity 
to radiation ofsbori wave lengths, may be practically permanent. 

The general phenomena of a severe power burn are: 

Temporary blindness immediately after exposure, severe pains 
in the eyes and I he faee, redness of eyes and face, swelling, copi- 
ous tear.;, He. Tlu-sr effects increase for a few hours and then 
decrease, yielding readily to proper treatment: application of 
ice, cold boric acid solution, etc., and complete recovery occurs 
within a few days. 

In chronic ca-'es, as excessive work under artificial illumination, 
the symptoms appear gradually, but recovery, if no structural 
changes in the eyes have occurred, is rapid and complete by 
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consists of a very small percentage only of visible light (usually 
less than 1 per cent), while most of its energy is in the ultra-red 
and invisible, and for the same amount of visible radiation or 
light the total radiated power thus is many times greater than 
with daylight. Regarding chronic " power burn," artificial light, 
therefore, is much more harmful than daylight, that is, much. 
more energy enters the eye under incandescent illumination than 
under much more powerful daylight illumination. 

In a severe ultra-violet burn no immediate symptoms are 
noticeable, except that the light may appear uncomfortable 
while looking at it. The onset of the symptoms is from 6 to 18 
hours later, that is, usually during the night following the ex- 
posure, by severe deep-seated pains in the eyes; the external 
appearance of inflammation is moderate or absent, the vision is 
not impaired, but distinction made difficult by the inability to 
focus the eye on any object. The pains in the eyes and head- 
ache yield very slowly; for weeks and even months any attempt 
of the patient to use the eyes for reading, or otherwise sharply 
distinguishing objects, leads to blurring of the vision; the letters 
of the print seem to run around and the eye cannot hold on 
to them, and severe headache and deep-seated pains in the 
eyes follow such attempt. Gradually these effects become less ; 
after some months reading for a moderate length of time during 
daylight is possible, but when continued too long, or in. poor 
light, as in artificial illumination, leads to blurring of the vision 
and head or eye ache,. Practically complete recovery occurs 
only after some years, and even then some care is necessary, as 
any very severe and extended strain on the eyes temporarily 
brings back the symptoms. Especially is this the case when 
looking at a light of short wave length, as the mercury arc ; that 
is, there remains an abnormal sensitivity of the eye to light of 
short wave lengths, even such light which to the normal eye is 
perfectly harmless, as the mercury lamp. 

In chronic cases of ultra-violet burn, which may occur when 
working on unprotected arcs, and especially spark discharges 
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nd the patient finds it more and more difficult to keep the eye 
reused for any length of time on objects, as the print when read- 
ig. These symptoms increase in severity until the patient 
5 obliged to give up the occupation which exposed him to ultra- 
iolet light, and then gradual recovery occurs, as described above, 
' the damage has not progressed too far. 

In mild cases recovery from power burns may occur in a few 
ours and complete recovery from mild ultra-violet burns in 

few weeks. 

Both types of bum may occasionally occur simultaneously 
nd their symptoms then successively. 

For instance, in a case of an exposure while working for about 
alf an hour with a flame-carbon arc without enclosing glass 
lobe (such an arc contains large amounts of high-power radia- 
lon, of yellow and orange color, but also a considerable amount 
f ultra- violet rays), the symptoms of the power burn increased 
i severity for a few hours, and then rapidly vanished by the 
pplication of cold water, and recovery was practically complete 
LX hours after exposure; then some hours later, in the middle 
f the night, tho patient was awakened by severe pains in the 
yes, the symptoms of the ultra-violet burn, and had to seek 
icdical attendance. Under proper treatment recovery occurred 
i a few days, but the blurring of the vision was appreciable 
:>r some days longer, and tho sensitivity to high-frequency light 
:>r some weeks. 

28. Arcs produce considerable amount of ultra-violet light,* 
nd in former experiments we have used a high frequency iron 
re for producing ultra-violet light and also have seen that even a 
cry thin sheet of glass is opaque for these radiations. For very 
:mg ultra-violet rays, that is, the range close to the visible violet, 
lass is not quite opaque, but becomes perfectly opaque for about 
ne-quarter to one-half octave beyond the violet, and in this first 
uartcr of an octave, the harmful effect of the ultra-violet radia- 
ion is still very small and becomes serious only when approach- 
ig a distance of about one octave from the visible end of the 
iolct. Clear transparent glass thus offers a practically complete 
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by glass globes are harmless. It is, however, not safe to look 
into and work in the light of open metal arcs for too long: a 
time. 

The carbon arc gives the least ultra-violet rays, so little that 
even without enclosure by glass it is fairly safe; metal arcs -give 
more and the mercury arc gives the greatest amount and reach.es 
to the farthest distance beyond the visible, and these very destruc- 
tive very short ultra-violet rays have so far only been observed in 
the radiation of a low temperature mercury arc in a quartz tube : 
quartz being transparent to these rays while glass is opaque. 
The high temperature mercury arc in a quartz tube, that is, arc 
operated near atmospheric pressure as it is used to some extent 
for illumination, especially abroad, seems to be much less dan- 
gerous than the low temperature or vacuum arc, but it also 
requires a protecting glass globe. 

In general, no metal arc, spark discharge, or glow discharge 
should ever be used industrially or otherwise without being en- 
closed by a glass globe, preferably of lead glass, if located so that 
it may be looked at. Those experimenting with arcs or other 
electric discharges should always protect their eyes by the inter- 
position of a glass plate. 

Thus the sparks of wireless telegraph stations, the discharges 
of ozonizers, the arcs of nitric acid generators, electric furnaces, 
etc., may be dangerous without glass enclosure. 

"While artificial illuminants, and especially metal arcs, give 
an appreciable amount of ultra-violet light, these ultra-violet 
rays extend only to about one-quarter octave beyond the visible 
violet and if, as is always the case, the illuminant is enclosed "by 
glass, the harmful effect of these long ultra-violet rays is negli- 
gible. The radiation of the sun also contains ultra-violet rays, 
and a larger percentage compared with the total radiation ttian 
any glass-enclosed artificial illuminant, and as the light of thesian, 
that is, daylight, is recognized as perfectly harmless, as far as 
this specific destructive action is^concerned, the same applies to 
the artificial illuminants, as they contain less ultra-violet rays 
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Pathological and Therapeutic Effects of Radiation. 

29. Radiation impinging on the tissue of the human body 
or other living organisms exerts an influence depending on 
intensity, power and frequency. The effect on the eye has been 
discussed in the preceding paragraphs. The specific chemical 
effect in supplying the energy of plant life will be more fully 
discussed in the following under chemical effects. As is to be 
expected, the effect of radiation on the living protoplasm 
of the cells is stimulating if of moderate intensity, destructive 
if of excessive intensity; that is, by the energy of the radiation 
the motions of the parts of the protoplasm-molecule are in- 
creased, and, if the intensity of radiation is too high, the mole- 
cule thus is torn asunder, that is, destroyed, the living cell 
killed and inflammation and necrosis (mortification) result. 
If the intensity is moderate, merely an increase of the rapidity 
of the chemical changes in the protoplasm, which we call life, 
results; that is, the radiation exerts a stimulating effect, in- 
creasing the intensity of life, causing an increased renewal of 
worn-out tissue and reconstruction, and thus is beneficial or 
curative, especially where the metabolism is sluggish. 

Just as in the action on the eye, two different effects probably 
exist: a general effect (hie to the energy of the radiation which 
with sunlight is a maximum beyond the visible close to the red 
end of the spectrum, and with most artificial illuminants (those 
based on incandescence) roaches a maximum still further in 
the ultra-red and a specific effect depending on the frequency. 

The power effect is general and probably fairly uniform 
throughout the exposed tissue, appears simultaneous with or 
immediately after the exposure, and thus practically no danger 
of harmful results from destruction of tissue exists, as excessive 
intensity makes itself felt immediately, before far-going destruc- 
tion of tissue can occur, and, therefore, the only possible danger 
which could exist would be in the indirect effect of stimulation 
on other organs of the body, as the heart. Thus the use of in- 
candescent light as stimulant appears fairly harmless. 
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low intensities that their energy is not felt as heat, and, further- 
more, the: susceptibility of different people may be different 
them is nothing to guard against excessive and thereby harmful 
exposure. Furthermore, the damage is far more severe and 
lasting than with the power effect, and fatal cases have occurred 
years after exposure. Possibly, as may be expected from 
selective action, only a few cells in the living tissue are killed 
by the radiation, and the disintegration products of these dead 
cells then gradually involve the surrounding living cells, causing 
their destruction or degeneration, so that the harm is far out of 
proportion with the immediate destructive effect of the radia- 
tion proper, especially with penetrating forms of radiation, as 
X-rays and radium rays, in which the lesions are correspondingly 
deep-sealed. 

High-frequency radiation (violet, ultra-violet, X-ray) should 
therefore he used only under the direction of experts fully 
familiar with their physiological action and clanger. 

The specific, net ion of high-frequency radiation is still absent 
in the green, begins slightly in the blue and violet, increases 
into the ultra-violet, and persists up to the highest frequencies of 
the X-rays. 1 1 is shared also by the radiation of the radio-active 
suhslanc.es, us the alpha and beta rays of radium. While the 
maximum of this effect probably also lies in the ultra-violet, 
from one to two octaves beyond the visible spectrum, trie 
effect is profoundly modified by the- transparency or opacity of 
the tissue for different frequencies, and the character of the stimu- 
lating and pathological effects greatly depends on the depth to 
which the radiation penetrates the body. 

The largest, part of the organism is water. Water is trans- 
parent for visible light, becomes more and more opaque in the 
ultra-red as well as in (ho ultra-violet, and Is again fairly trans- 
parent, for X-rays. Blood is fairly transparent for the long 
visible rays of red and yellow, but nearly opaque for the shorter 
violet, and ultra-violet rays. Hence next to the X-rays which 
c.an pass through (he body, the longest visible rays of red and 
yellow penetrate relatively deepest into the body, though even 
thev are Tiivw-lic-jillv absorbed within a short distance from the 
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rays in plant life. The violet and ultra-violet rays are absorbed 
close to the surface of the body by the blood, which is opaque 
for them. They can thus be made to penetrate deeper as is 
done in their therapeutic use -by freeing the tissue of the body 
from blootl by compression or other means. Even then, how- 
ever, probably only the longest ultra-violet rays penetrate, the 
very short ones being kept out by the opaque character of the 
water in the tissue. 

The penetration of the radiation of the sunlight into the human 
body is very greatly reduced by acclimatization, which leads 
to the formation of a protective layer or pigment, more or less 
opaque to the. light. Such acclimatization may be permanent 
or temporary. Permanent acclimatisation has been evolved 
during ages by those races which developed in tropical regions, 
as the negroes. They are protected by a black pigment under 
the skin, and thereby can stand intensities of solar radiation 
which would be fatal to white men. A temporary acclimatiza- 
tion results from intermittent exposure, to sunlight for gradually 
increasing periods: tanning, and enables the protected to stand 
without, harmful effects exposure to sunlight which would pro- 
duee severe sunburn in the unprotected. This acquired protec- 
tion mostly wears off in a few weeks, but sonie traces remain 
even after years. 

A slight, protection by pigmentation also exists in white men, 
and its differences lead to the, observed great differences in sensi- 
tivity to solar radiation: blondes, who usually have very light 
piemen fat ion, arc more susceptible to sun burn and sunstroke than 
the. more highly pigmented brunette people. 

In sunburn we. probably have two separate effects super- 
imposed upon the other: (hat due to the energy of the solar 
radiation and the specific effect of the- high frequencies, which 
to a small extent arc. contained in the sunlight. The two effects 
are probably somewhat, different, and the high-frequency effect 
tends more to canst; inflammation of the tissue, while the energy 
effect tends towards the, production of pigmentation (tanning), 
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it is analogous with that of any other powerful agent or drug 
as alcohol, caffeine, etc. The intensity of light which is destruc- 
tive to life largely depends on the amount of light to which the 
organism is accustomed. Those organisms which live in the 
dark may be killed by an amount of light which is necessary 
for the life of other organisms. Amongst the saprophytic bacilli 
for instance (the germs of putrefaction), many species live in the 
light, and die, or at least do not multiply, if brought into the 
dark, while other putrefactive bacilli live in the dark and are 
killed by light. The latter also is the case with the pathogenic 
bacilli, that is, the disease germs, as the bacillus of tuberculosis, 
cholera, etc. As these live in the dark, the interior of the body, 
they are rapidly killed by light. Light, and radiation in general, 
therefore is one of the most powerful germicides and disinfect- 
ants. One of the most effective prophylactic measures, espe- 
cially against the diseases of civilization, as tuberculosis, etc., thus 
is to flood our homes with light, especially direct sunlight, while 
our habit of keeping the light out of our houses by curtains, 
shades, etc., closing our residences almost light-tight, when 
leaving them for some time, converts them into breeding places 
of disease germs, and then we wonder about mortality. 

Obviously excessive light intensity ultimately becomes harm- 
ful even to the human organism, and it is therefore advisable 
to protect ourselves against the light when it becomes annoying 
by its intensity. It has even been claimed that the impossibility 
of white men to become permanently acclimatized in the tropics 
and the change in the temperament of the population of our 
country within a few generations from their immigration : 
the increased nervousness, restlessness and "strenuousness," 
are the result of the greater intensity of the sunlight, especially 
its high-frequency radiation, compared with the more cloudy 
climate of our original European home. Whether this is the 
case remains to be further investigated. It is hard to believe, 
however, that such a profound effect should result from the 
exposure of a small part of the body, face and hands, to a more 
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and slowly changing temperatures, to a continental climate, 
with, its rapid changes of temperature and enormous temperature 
extremes, and the difference between continental and maritime 
climate may be suspected as the cause in the change of the tem- 
perament of the races.' 

As men have lived for ages in the light, the cells of the human 
body are far more resisting to the light than the disease germs, 
which for ages have lived in the dark; and light, and more 
particularly the high-frequency violet and ultra-violet radiation 
and the X-rays, thus have found a useful therapeutic application 
in killing disease germs in the human body. Thus, by expos- 
ing the diseased tissue to high-frequency radiation, the disease 
germs are killed, or HO far damaged that the body can destroy 
thorn, while tho cells of the body are still unharmed, but stimu- 
lated to greater ac.tivity in combating the disease germs. As 
seen, for this purpose the radiation must be of .sufficient intensity 
aiul duration to kill or damage the bacilli, but not so intense 
as to harm the colls of tho body. Surface infections, as tubercu- 
losis of the skin (sorofulosis, lupus), thus are effectively and 
rapidly cured by high-frequency light. More difficult and less 
certain the effect is if the infection is deeper seated, as then 
the radiation must penetrate a greater thickness of tissue to 
rouoh tho bacilli, and is thereby largely absorbed, and the danger 
thus exists that, before si sufficient intensity of radiation can be 
brought to the seat of the infection, the intensity at the surface 
of tho tissue may become harmful to the cells of the body. In 
this case the more penetrating X-rays would be more applicable, 
as they can ponotrate to any depth into the body. They are, 
however, so far distant in frequency from the light radiation, 
that tho aoolinuitixaUon of the body to the light radiation 
probably exists only to a lessor extent against the X-rays; that 
is, tho. difforonoo in (ho, destruotivo effect on the bacilli and on 
the colls of the- body, on which the curative effect is based, prob- 
ably is loss with tho X-rays than with the long ultra-violet waves. 

Since Dr. Finson introduced phototherapy and radiotherapy, 



62 RADIATION, LIGHT, AND ILLUMINATION. 

Thus the spermatozoa which biologically are independent 
living organisms seem to be killed by X-rays before any 
damage is done to the body, and permanent sterility then 
results. Amongst the cells of the body differences seem to exist 
in their resistivity. It is claimed, for instance, that the sensory 
nerves are first paralyzed by violet radiation and that intense 
violet light can thus be used to produce local anaesthesia, suf- 
ficient for minor operations. 

Occasionally the effect of light may be harmful in the relation 
of the human body to invading bacilli. In some eruptive in- 
fections, as smallpox, ulceration of the skin (leading to mark- 
ing) seems to be avoided if the patient is kept from the light, 
and the course of the disease mitigated. As red light, however, 
seems to have no effect, instead of perfect exclusion of light, 
which is not very feasible, the use of red light thus seems to offer 
an essential advantage. 



combined in the compound, the silver bromide, etc., and this 
compound thus splits up, dissociates. The phenomenon how- 
ever, must be more complex, as a simple resonance vibration 
would be especially pronounced at" one definite frequency the 
frequency of complete resonance, and rapidly decrease for higher 
and for lower frequencies. The chemical action of radiation on 
silver compounds, however, does not show such a response to any 
definite frequency, but, while strongest in the ultra-violet ex- 
tends over the entire range from the frequency of green, light 
beyond the ultra-violet and up to the highest frequencies of 
X-rays. That the chemical activity of radiation is some form of 
resonance, is, however, made very probable by the relation which 
exists between the active frequency range and the weight of the 
atom or molecule which responds to the radiation. Thus, while 
the fairly heavy silver atom (atomic weight 108) responds to 
rays near the violet end of the visible spectrum, the much lighter 
oxygen atom (atomic weight 16) responds only to much higher 
frequencies, to those of the physiologically most destructive rays, 
about one to two octaves beyond the visible spectrum. These 
very short radiations energetically produce ozone 3 , from oxygen 
2 , probably by dissociating oxygen molecules 2 ,into free atoms, 
and these free atoms then join existing molecules: + 2 == O 3 , 
thus forming ozone. Possibly their destructive physiological 
action is due to this ability to cause resonance with the oxygen 
atom and thereby destroy molecular structures. 

32. Response to the long waves of red and ultra-red light thus 
may be expected from atoms or groups of atoms which are very 
much heavier than the silver atom, and this indeed seems to be 
the case in the action of radiation on the life of the plants. There 
the response is not by atoms, but by the much heavier groups of 
atoms, radicals of carbon compounds, which separate and recom- 
bine in response to radiations and thus produce in vegetable 
organisms the metabolism which we call life. 

The action of radiation on plant life thus seems to be a chemi- 
cal action, and this would be the most important chemical action, 
as on it depends the life of the vegetation and thereby also the 
existence of animal life and, thus, our own. This action by wliich 
the vegetation converts the energy of radiation into chemical 



LECTURE IV. 
HHEMICAL AND PHYSICAL EFFECTS OF RADIATION. 

Chemical Effects. 

31. Where intense radiation is intercepted by a body chemical 
tion may result by the heat energy into which the radiation is 
11 verted. This, however, is not a direct chemical effect of 
illation but an indirect effect, resulting from the energy of the 
cliation. i 

Direct chemical effects of radiation are frequent. It is such an 
'ect on which photography is based: the dissociating action of 
cliation on silver salts, the chloride in ordinary photographic 
,per, the bromide and iodide in the negative plate and the quick 
iiiting papers. This chemical action is greatest in the violet 
id ultra-violet and decreases with increasing wave length, 
:iiee is less in the green, small in tin 1 - yellow, and almost absent in 
o red and ultra-red, so thai; the short waves, blue, violet and 
tra-violet, have, sometimes been called "chemical rays." This, 
>wever, is a misnomer, just as the, term "heat rays" sometimes 
>plied to red and ultra-red rays. In so far as when intercepted 
ciy are. converted into heat, all rays are heat rays, but neither 
.o ultra-red nor any other radiation is heat, but it may become 
it when it ceases to be, radiation. Thus all radiations are 
icmical rays, that is, produce, chemical action, if they strike a 
xly which is responsive, to them. 

Tin; chemical action of radiation is specific to its frequency and 

ems to he some kind of a resonance effect. We may picture to 

irsdves that the frequency of vibration of a silver atom is that 

violet or ultra-violet light, and therefore, when struck by a 
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roof in alcohol. This use of the, energy of radiation occurs 
y in those parts of the plant in which chlorophyl is present, 
ally shown by its green color, thud is, iu (ho leaves and young 
us. In those plants in which 1 lie leaves have lost, their chloro- 
'1 in taking up other functions - us the function of protection 
inst attack by conversion into spines in the cacti the steins 
I trunks have acquired the function of energy supply from 
iation, and show the green color of chlorophyl. When the 
/os die in (he fall their chlorophyl disappears and they change 
r'ollow or red color. Those parts of the planls which contain 
miphyl, mainly the leaves, lake carbon dioxide (CO.,) from 

air through breathing openings (stotnala), absorb the radia- 
\, and convert its energy into chemical energy, and use this 
rgy in splitting up or dissociating the CO,,, exhausting the 
r gen ( ), and using the carbon in producing the complex carbon 
ipnunds of their structure: fiber (cellulose), starch, proto- 
sni, etc. The energy of plant life thus is derived from radia- 
i and their work is constructive or synthetic, that is, they 
duce complex chemical compounds from simple ones: the 
bon dioxide of the air, the nit rates and phosphates of the soil, 
. Inversely, the animal organism is analytic, it converts the. 
mica! energy of complex compounds into mechanical and 
,t energy by splitting (Item into simpler compounds, burning 
in in the lungs or gills. I ''or the supply of meehanicnl energy 
ich maintains the life, the animal organism thus depends upon 

synthetic, work of the vegetation by consuming as food the, 
uplex compounds constructed by the plants from the energy 
ailiation, either directly (vegotaria.ns}, or indirectly, by eating 
or animal:-, which in (heir (urn live; on the vegetation. Thus, 
ile the plants fake in from the air carbon dioxide CO.,, exhaust 

oxygen O.,, and convert the C into complex compounds, the 
nial takes in oxygen O.,, by it' burns up the complex carbon 
npound. 1 - 1 derived from the plants, and exhausts ( '< ),, as product, 
'.onibtistiun, but in its ultimate result, all life <m the earth de- 
ids fur its energy on radiation, which is made available in the 



understood: to the long waves of reel and yellow light the atoms 
do not respond, but only the much heavier groups of atoms or car- 
bon radicals, and these thus separate and recombine and thereby 
constitute what we nail life. To very short waves, that is, high. 
Frequencies, these heavy groups of atoms cannot respond, but 
single atoms would respond thereto and thus by their separation 
break up and destroy the atomic groups. That is, the resonant 
dissociation produced by low frequency of radiation extends only 
to the groups of atoms and thereby results in their separation and 
recombination to heavier molecules : life, while the resonant dis- 
sociation produced by high frequencies extends to the atom and 
thereby splits up and destroys the molecules of the living organ- 
ism, that is, death. Therefore the short waves of radiation, 
green, blue, etc., which are more or less harmful to plants, are 
not used but are reflected by the chlorophyl; hence the green 
color. To some extent violet radiation is absorbed by chloro- 
phyl, but it is questionable whether the energy of violet light 
directly contributes to the; chemical action, and it is rather 
probable that the violet radiation is converted into red light by 
fluorescence chlorophyl fluoroscos rod and used as red 
light. Excessive, violet radiation seems to be harmful. 

Physical Effects. 

33. Some of the most interesting physical effects of radiation 
are those by which it is c< inverted into another form of radiation : 
fluorescence and phosphorescence. 

Many substances have the, property of converting some of the 
radiation which is absorbed by them into radiation of a different 
wave length, that is, act as frequency converter of radiation, 
Jlitorexcencc. Many bodies when exposed to radiation store some 
of the energy of radiation in such a manner as to give it out again 
afterwards and thus, after exposure to light, glow in the darkness 
with gradually decreasing intensity, phosphorescence. These 
phenomena probably belong to the least understood effects 
of radiation. They are very common, but phosphorescence 
usually lasts such a short time that it can be observed only 
by special apparatus, although a few bodies continue^to phos- 
phoresce for hours and even days. Fluorescence also is usually 
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so weak as to escape notice, although in a few bodies it is veiy 
strong- 

The change of frequency in fluorescence always seems to be a 
lowering of the frequency, that is, an increase of wave length, and 
in phosphorescence also the light given out seems always to be 
of lower frequency than the light absorbed and indeed, fluores- 
cence and phosphorescence seem to be essentially the same 
phenomenon, radiation is absorbed and its energy given out again 
as radiation of lower frequency and that part of the returned 
radiation which appears during the absorption we call fluores- 
cence, that part which appears later, phosphorescence. There is, 
however, frequently a change of the color of the light between 
fluorescence and phosphorescence and also between phosphores- 
cence immediately after exposure to light and some time after- 
wards. For instance, some calcite (calcium carbonate or lime- 
stone) fluoresces crimson, but phosphoresces dark red. The 
phosphorescence of calcium sulphide changes from blue in the 
beginning to nearly white some time after, etc. 

Due to the change of frequency to longer waves the longest 
visible rays, red, orange and yellow, produce no fluorescence or 
very little thereof, as their fluorescent and phosphorescent radia- 
tion would usually be beyond the red, in the invisible ultra-red. 
Blue, violet and ultra-violet light produce the most intense 
effects, as a lowering in frequency of these radiations brings them 
well within the visible range. 

Ultra-violet light is best suited for studying fluorescence as it is 
not visible, and thus only the fluorescent light is visible; white 
light, for instance, does not show the same marked effect, since the 
direct white light is superimposed upon the light of fluorescence. 
Most brilliant effects, however, arc produced by using a source of 
light which is deficient in the frequencies given by fluorescence 
and then looking at the fluorescent body through a glass having 
the same color as that given by fluorescence. Thus the least 
traces of red fluorescence can be discovered by looking at the 
body through a red glass, in the illumination given by the mer- 
cury lamp. As the mercury lamp contains practically no red 
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In the illumination given by the mercury lamp I here drop a 
few drops of a solution of rhodamine 6 G, rhodamine R, an d 
uranine (aniline clyes) into a large beaker of water. As you see 
when sinking down and gradually spreading, they appear- '- 
especially against a dark background as brilliant luminous 
clouds of orange, red and green, and seen through a red glass 
they appear like clouds of fire. I change to the illumination 
given by the incandescent lamp and all the brilliancy disappears 
fluorescence ceases and we have a dull red colored solution. I 
show you here the sample card of a silk store of different colored 
silks. Looking at it through a red glass, in the mercury light all 
disappear except a few, which you can pick out by their lumi- 
nosity: they are different colors, pinks, reels, heliotrope, etc., but 
all containing the same red fluorescent aniline dye, rhodamine. 
A glass plate coated with a thick layer of transparent varnish, 
colored by rhodamine, appears like a sheet of red hot iron in the 
mercury light, especially through a red glass, while in the light of 
the incandescent lamp it loses all its brilliancy. 

This solution of rhodamine 6 G in alcohol, fluoresces a glaring 
orange in the mercury light, in the light of a carbon arc lamp (.or 
in daylight) it fluoresces green and less brilliant. Thus you see 
that the color of the fluorescent light is not always the same, but 
depends to some extent on the frequency of radiation whicli 
causes the fluorescence. 

Here I have a sheet of paper covered with calcium sulphide 
and a lump of willemite (zinc silicate) and some pieces of calcite. 
As you see, none of them show any appreciable fluorescence 
in the mercury light. But if I turn off the mercury light, tlae 
calcium sulphide phosphoresces brightly in a blue glow, the others 
do not. Now I show you all three under the ultra-violet rays of 
the condenser discharge between iron terminals, or ultra-violet 
lamp (Fig. 11) and you see all three fluoresce brilliantly, in blue, 
green and red. Turning off the light all three continue to glow 
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raised, thus showing the effect of the temperature rise in increas- 
ing phosphorescence. 

These substances which I show you, calcium sulphide, cal- 
cium carbonate (calcito), zinc silicate (wiUemite), are not fluo- 
rescent or phosphorescent themselves, but their luminescence is 
due to a small percentage of some impurities contained in them. 
Chemically pure substances and concentrated solutions of the 
aniline dyes, or those dyes in their solid form, do not show the 
luminescence, but only when in very diluted solutions; that is, 
luminescence, as fluorescence and phosphorescence seems to be 
the property of very diluted solutions of some substances in 
others. Thus a shoot of paper or cardboard colored red by 
rhodamino does not fiuoresce, but if a small quantity of rhoda- 
mine is added to some transparent varnish and the paper colored 
red by a heavy layer of this varnish it fluoresccs brightly red. 

To show you the fluorescent spectrum, I have here a mercury 
lamp surrounded by a very diluted solution of rhodamine 6 G, 
and some rhodamine. II, contained between two concentric glass 
cylinders. As you see, through the spectroscope a broad band 
appears in the red and the green light has faded considerably. 
You also notice that the light of this lamp, while still different 
from white light, does not give anything like the ghastly effect of 
human faces, as the plain mercury lamp, but contains considerable 
red rays, though not yet enough. I also show you a mercury 
lamp .surrounded by a screen of a very dilute solution of uranine: 
you see, its light is bright greenish yellow, but much less ghastly 
than the plain morcury light and the spectroscope shows the 
mercury lines on a fluorescent spectrum, which extends as a con- 
tinuous luminous band from the green to and beyond the red. 
You also see thai- with this uninino screen the mercury lamp 
gives more, light than without it;: considerable of its ultra-violet 
and violet light is converted to yellow and thereby made visible 
or more effective. 



LECTURE Y. 
TEMPERATURE RADIATION. 

34. The most common method of producing radiation is 
impressing heat energy upon a body and thereby raising its t 
perature. Up to a short time ago this was the only method a^ 
able for the production of artificial light. The temperatui 
raised by heating a body by the transformation of cherr 
energy, that is, by combustion, and in later years by the tr 
formation of electric energy, as in the arc and incandesi 
lamp. 

With increasing temperature of a body the radiation from 
body increases. Thus, also, the power which is required to m 
tain the body at constant temperature increases with increas 
temperature. In a vacuum (as approximately in the incan 
cent lamp), where heat conduction and heat convection from 
radiating body is excluded, all the power input into the boc 
radiated from it, and in this case the power input measures 
power of the radiation. 

The total power or rate at which energy is radiated by a he 
black or grey body varies with the fourth power of its abso 
temperature, that is, 

If A = surface area, T l = absolute temperature of the TS 
tor and T z = absolute temperature of the surrounding ob' 
on which the radiation impinges : the total power radiated bj 
body is (Stefan's Law) : 

P r = M (TV - ?V), 

where for a black body, as the carbon filament with P r g 
in watts per square cm., k is probably between 

5 x 10~ 12 and 6 x 10" 12 ; 
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ing temperature, as an electric machine, equation (1) can be 
written : 

P r - kA (T, - T 2 ) (2V + ZV!T 8 + T,T 2 2 + 2V). 
or, approximately, 

P r - 4 kAT* (T, - T}, (3) 

where T i.s the room temperature (T i - T) the temperature rise 
of the radiator above room temperature; that is, for moderate 
temperature differences the radiation power is proportional to 
the temperature, rise. 

This equation (3) gives the law .generally used for calculating 
temperature rise in electric machinery and other cases where the 
temperature rise is moderate. Obviously, in air the power given 
off by the. heated body, P, is greater than the power radiated, P r , 
due to heat convection by air currents, etc., but as heat conduc- 
tion and convection also are approximately proportional to the 
temperature rise, as long as the latter is moderate, equation (3) 
can still be used, but with the numerical value of k increased to 
/c t so as to include the heat conduction and convection: in 
stationary air k l reaches values as high as /c t = 25 X 10~ 12 to 

r>o x i<r 12 . 

As soon, however, as the temperature rise (T^ T) becomes 
comparable with the absolute temperature T, the equation (3) 
can no longer be used, but the complete equation (1) must be 
used, and when the temperature of the radiator, T v is very much 
greater than the surrounding temperature T 2 , T 2 4 becomes negli- 
gible compared with T* and equation (1) can, for high tempera- 
tures, Ihus be approximated by: 

P r - kAT*; (4) 

That is, the radiation power, as function of the temperature, 
gradually changes from proportionality with the temperature 
rise, at low temperature rise, to proportionality with the fourth 
power of the temperature for high temperature rises. 

Inversely then, with increasing power input into the radiator 
and thus inereasing radiation power, its temperature first rises 
proportional to the power input and then slower and ultimately 
approaches proportionality with the fourth root of the power 
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In Fig. 27 is shown the radiation curve, with the temperatures 
T as ordinates and the radiated power P r as abscissas, 'the upper 
curve with 100 times the scale of abscissas. 

Thus, to double the temperature rise, from 10 deg. cent, to 20 
deg. cent., requires doubling the power input. To double, how- 
ever, the temperature rise, from 1000 deg. cent, to 2000 deg. cent., 
requires an increase of the power input from 1273 4 to 2273 4 ; or 
more than ten fold. At high temperature the power input, there- 
fore, increase enormously with the increase of temperature. 
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FIG. 27. 

With bodies in a vacuum, the radiation power is the power 
input and this above law can be used to calculate the tempera- 
ture of the radiator from the power input. In air, however, a 
large part of the energy is carried away by air currents, and 
this part of the power does not strictly follow the temperature 
law of radiation, equation (1). For radiators in stationary air 
(that is, not exposed to a forced blast, as the centrifugal blast of 
revolving machinery), the total power input for high tempera- 
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rise is considerable and even in electrical apparatus of fire-proof 
construction as some rheostats, etc.., where a higher temperature 
rise is permitted, the. calculation of thiw temperature rise must be 
approximated by the general law (1) and not the law of propor- 
tionality (3), as the. hitler would give entirely wrong results. 
For instance, assuming a temperature rise, of 50 cleg. cent, per 
watt per sq. in. a oast silicon rod, which at bright incandes- 
cence can dissipate 200 walls per .sq. in. would give by (3), a 
temperature rise of 10,000 dcg. cent. This obviously is impos- 
sible, as silicon melts at about 1 100 cleg. cent. 

35. With increasing temperature, of the radiator, the intensity 
of the radiation increases, and at the same time the average 
frequency of radiation also increases, that is, the higher frequen- 
cies increase, more rapidly than the lower frequencies and higher 
and higher frequencies appear, until ultimately frequencies are 
reached where, the radiation becomes visible to the eye, as light. 
When with increasing temperature the radiation just begins to be 
visible, it appears as a faint, eolorlesn grey, "gosponster grau" 
exhibiting the. same, weird and indistinct appearance as are seen 
at higher intensities in tin; monochrome blue and violet radia- 
tions: that is, we see. a faint grey light, but when we look at it, it 
has disappeared: the reason is that the sensitivity of the sensitive 
spot of the eye for very faint light is lews than that of the surround- 
ing retina and the. first glimmer of light thus disappears as soon 
as we focus it on the sensitive spot. With increasing tempera- 
ture, first the lowest of the visible frequencies appear and become 
visible as red light, and with still further increase of temperature 
gradually orange, yellow, green, blue., violet and ultra-violet rays 
appear and the color thus changes from red to orange, yellow, 
yellowish white and then white, the. latter at that temperature 
where all the, visible radiations are. present in the same propor- 
tion as in daylight. With still furl.he.r increase of temperature, 
the violet end of (he spectrum would increase faster than the red 
end and the light thus shift, to bluish, white, blue, and violet. 

The invisibility of the radiation of low temperature is not due 
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visible. The invisibility in the former case, thus, is not due to low 
intensity, but to low frequency. 

The fraction of the total radiation, which is visible to the eye 
as light, thus increases with the increasing temperature, from 
zero at low temperature where the radiator docs not give 
sufficiently high frequencies to be visible and very low values 
when it just begins to be visible as red light, to a maximum at that 
temperature where the average frequency of the radiation is in 
the visible range, and it would decrease again for still higher 
temperature by the average frequency of radiation shifting 
beyond the visible into the ultra-violet. The efficiency of light 
production by incandescence thus rises with increasing tempera- 
ture to a maximum, and then decreases again. If the total 
radiation varies with the fourth power of the temperature, it thus 
follows that the visible radiation first varies with a higher power 
of the temperature than the fourth, up to the maximum efficiency 
point, and beyond that increases with less than the fourth power 
of the temperature. The temperature at which the maximum 
efficiency of light production by incandescence occurs, that is, 
where the average frequency of temperature radiation is in the 
visible range, probably is between 5000 and 8000 deg. cent, and 
as the most refractory body, carbon, boils at 3750 dog. cent., this 
temperature thus is unattainable with any solid or liquid radiator. 

Most bodies give approximately the same temperature radia- 
tion, that is, follow the temperature law (1), differing only by the 
numerical value of the constant /c; that is, with increase of 
temperature the radiation intensity increases and the average 
frequency of radiation increases in the same manner with most 
solid and liquid bodies, so that at the same temperature all the 
bodies of normal temperature radiation give the same radiation 
curve; that is, the same distribution of intensity as function of 
the frequency and thus the same fraction of visible to total radia- 
tion, that is, the same efficiency of light production. 

If T is the absolute temperature in dcg. cent, and l w the wave 
length of radiation, the power radiated at wave length l w ami 
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o a - o for normal temperature radial-ion or blae.k body 
,1-ioii; '> r IA'2, and ,4 surface area of the radiator. 
legrating the formula of Wien's l:i\v over /, from to co, 
tho total radiation: 



fora 5; 

r rAT*; 

tcf an's law, as discussed above. 

e, maximum energy rate at temperature T omirs at the wave 
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energy probably doos not much exceed 10 per cent of the total 
radiation, the rest falls below and above the visible frequencies. 

36. At the highest attainable temperature, the boiling point 
of carbon, the efficiency is much lower, probably below 10 per 
cent and this would be the highest efficiency attainable by normal 
temperature radiation. It is utilized for light production in the 
carbon arc lamp. The carbon arc flame gives practically no 
light, but all the light comes from the incandescent tips of the 
carbon electrodes, mainly the positive, which are at the boiling 
point of carbon and thus give the most efficient temperature 
radiation. 

Obviously, in the carbon arc lamp a very large part of the 
energy is wasted by heat conduction through the carbons, heat 
convection by air currents, etc., and the total efficiency of the 
carbon arc lamp, that is, the ratio of the power of the visible 
radiation to the total electric power input into the lamp, thus is 
much lower than the radiation efficiency, that is, the ratio of the 
power of the visible to the total radiation. 

Thus the efficiency of the carbon arc is considerably increased 
by reducing the loss by heat conduction, by the use of smaller 
carbons the life of the carbons, however, is greatly reduced 
thereby, due to their more rapid combustion. 

The carbon arc lamp thus gives the most efficient incandescent 
light, as it operates at the highest temperature, the boiling point 
of carbon. But by doing so the radiator is continuously con- 
sumed and has to be fed into the arc. This requires an operating 
mechanism and becomes feasible only with large; units of light. 

To attain the highest possible efficiency of light production by 
temperature radiation with a permanent radiator, thus requires 
the use of extremely refractory bodies, since the. efficiency in- 
creases with the increase of the temperature, and is still very 
low at the melting point of platinum. 

To exclude all the losses of energy by heat conduction and 
heat convection, the radiator is enclosed in a vacuum, so that all 
the power input is converted into radiation. Even in this case 
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as can bo seen by admitting air into the lamp bulb, when the 
filament drops clown to dull red heat, before it burns through. 
However, the presence of an indifferent gas of low heat capacity 
may lower the evaporation of the filament and so permit operation 
at higher temperature, and the gain in efficiency more than makes 
up for the increased losses, as in the gas filled tungsten lamps. 

A search, thus, has been made and is still being made, through- 
out the entire, range of existing bodies, for very refractory mate- 
rials. Such materials may be chemical elements or compounds. 
However, the combination of a refractory element with one of 
very much lower molting point lowers its melting point, and very 
refractory compounds, thus, may be expected only amongst the 
combinations of very refractory dements with each other. 

The chemical dements, arranged in order of their atomic 
weight, exhibit a periodicity in their properties which permits 




Via. 28. 



a systematic study of Mioir properties. In diagram Fig. 28 the 
olome.nls arc arranged in order of their atomic weight in the 
"periodic system." 
The height of llicir melting point is indicated by the darkness 
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loids, are shown on white background, and the easily f 
metals and gaseous metalloids on lightly shaded baokgrovu 
As seen, there are two peaks of refractoriness, one among 
metalloids, in carbon, and one under the metals in wolfra 
tungsten), and around these two peaks all the refractory clc 
are grouped. Inversely, there are also two depressions, or 
of minimum melting point, in helium under the ineta 
around which all the gaseous elements are grouped, and ii 
cury under the metals, around which all the easily fusible i 
are grouped. 

It is interesting to note that the melting point rises to 
wolfram from both sides, as dmgramrnal ically illustrated ; 
top of Fig. 28, in such a manner that the maximum 
should be expected in the space between wolfram and os 
and the unknown element, which belongs in this space i 
periodic system, thus should be expected to have still a '. 
melting point than wolfram, and thus give a higher efficie 
light production. 

As metal alloys almost always have lower melting point! 
their most refractory element, very refractory compound! 
may be expected only in the compounds between the very ] 
tory elements, in which at least one 1 , is a metalloid, that is, an 
the carbides and borides and possibly silicidcs and titanid 
37. Some of the earliest work on incandescent lamp 
carried out with metal filaments. Platinum and indium 
ever, were not sufficiently refractory to give good efficiencic 
the very refractory metals were; not yet available in suf 
purity. A small percentage of impurities, however, very g 
lowers the melting point, especially with metals of ver; 
atomic weight. For instance, wolfram carbide contains 
3 per cent of carbon and 97 per cent of wolfram and even ( 
cent of carbon in wolfram metal thus moans that over 3 p( 
of the metal consists of the easily fusible carbide- 
Very soon, therefore, metal filaments wen; abandoned an 
bon used as lamp filament. While carbon is the most refr, 



TEMPERA TURK RA 1)1 A TION. 7 9 

Thus water evapo rates considerably below the boiling point and 
even below the fretting point : ice and snow gradually disappear 
by evaporation even if the temperature never rises above the 
melting point. Considerable differences, however, exist between 
different bodies regarding their rate of evaporation. Thus water 
and benzine have prac.tically the same boiling point, but at the 
same distance below the boiling point, benzine evaporates nme.h 
faster than water; that is, has a much higher vapor tension. 
Carbon has a very high vapor tension, that is, shows a very rapid 
evaporation far below the boiling poinf, and since in the incan- 
descent lain]) (he carbon vapor condenses and is deposited on the 
globe and carbon is black, it blackens (he globe and obstructs the 
light. Also, (he decrease of the filament section by evaporation 
increases its resistance and thereby decreases (he power consump- 
tion and so still further lowers (lie efficiency. While, therefore!, 
carbon remains solid up to H7f>() deg. cent., at. about ISOO deg. 
cent, its rate of evaporation is such as to lower the candle power 
of the lamp by 20 percent in 500 hr. life, and at (his tempera- 
ture it gives only an output of one candle power for 3.1 watts 
input. Operating the carbon filament at higher temperature 
would increase (he efficiency and (hus reduce (he cost of energy 
for the same amount of light, but would decrease (he useful life 
of the lamp and, therefore, increase the cost of lamp renewals, and 
the most, economical operation, as determined by balancing (he. 
cost of lamp renewals against the ens! of energy, is reached by 
operating at such temperatures Ihaf (he candle power of (he lamp 
decreases by 20 percent within odd hr. fife. The life of a lamp 
down to a decrease of candle power by 20 per cenl , (hus, is called 
the useful life, and when comparing 1 ; I he efficiencies of incandescent 
lamps il is essential to compare I hem on I he basis of (he same 
length of useful life: odd hours wifh (he carl ion filamenl, shire 
obviously by shortening (he life higher efficiencies could be 
reached in any incandescent lamp. The operating temperature 
of the carbon filament lamp, flui:-, was limited by (he vapor ten- 
sion of carbon and not by its boiling point. 
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that osmium could bo operated at temperatures far closer to 
melting point without appreciable evaporation; that is, with 
blackening and falling off of candle power, or, in other woj 
could be run at a temperature from which carbon was cxchii 
by its too rapid evaporation. Osmium, however, is a very i 
metal of the platinum group, and found only in very limi 
quantities in very few places and is one of those substances 
which no search could very greatly increase the supply, and w' 
one pound of osmium is sufficient for some 60,000 filaments, 
total amount of osmium which lias ever boon found on ea 
would not be sufficient for one year's supply of incandcsc 
lamps. Osmium, therefore, was excluded from general use b} 
limited supply. 

The metal tantalum does not seem to have quite as high a m 
ing point as osmium, as it can be operated only at 2 watts 
candle power. Tantalum also is a very rare metal, but, uii 
osmium, it is found in very many places, though in small qu 
titles, but it is one of those substances, like the rare earth mo- 
used in the Wolsbach mantle, of which it seems that the sup 
could be indefinitely increased when required by the indust: 
and the prices thus would go down with the demand, just as 
boon the case with the rare earths of the Wolsbaeh mantle 

Last of all, however, was made available the most refractor 
all metals, wolfram or tungsten, and permitted to lower the spei 
consumption to 1 to 1.25 watts and finally, in the gas filled la 
to less than 0.5 watts per candle power. Wolfram molts far lo 
than carbon, probably at about 3200 dog. cent., but, far above 
temperature to which the. carbon filament is limited by ovap< 
tion, and having practically no vapor tension below its meli 
point, it can- be operated far above the temperature of the, car 
filament, and thus gives a much higher efficiency. Tungsten 
rather wolfram, as the metal is called, tungsten is the name of 
ore) is a fairly common metal, its salts are industrially used 1 
very large extent for fire-proofing fabrics and its supply praotic, 
unlimited. 
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ture coefficient of electric resistance, metallic luster and elasticity 
and very low vapor tension, so that it can be run at higher tem- 
perature corresponding to a specific consumption of 2.5 to 2.6 
watts per candle power, with very little blackening. These metal- 
lized carbon filament lamps exhibit characteristics similar to the 
metal filament lamps; their life is largely limited by breakage 
and not by blackening. 

Whether hereby the possibilities of carbon are exhausted or 
still more stable forms of carbon will be found, which permit 
raising the filament temperature; as near to the boiling point of 
carbon as the temperature of the wolfram filament is to its melt- 
ing point * and thereby reach an efficiency superior to that of the 
tungsten lamp, remains to be seen, but does not appear entirely 
impossible. Carbon exists in a number of "allotropic" modifi- 
cations of very different characteristics (similar to phosphorus in 
"yellow phosphorus," "red phosphorus" and "metallic phos- 
phorus") to a greater extent than any other element, probably 
due to the tendency of the carbon atom to join with other carbon 
atoms into chains and rings, which tendency is the case of the 
infinite number of carbon compounds. These; form two main 
groups: the chain carbon derivates (mcthane-derivates) and the 
ring carbon derivates (benzol derivates). The latter are far 
more stable at high temperatures, since the breakage; of the mole- 
cule by temperature vibration is less liable in a ring structure 
than a chain: a single, break splits the molecule in a chain forma- 
tion, while with a ring formation it still holds together until the 
break closes again. Chain hydrocarbons at higher temperatures 
usually convert to ring hydrocarbons. It is, therefore, reasonable 
to assume that the carbon skeleton left by the. carbonization of 
the hydrocarbons also may exist in either of the two characteris- 
tic atomic groupings: as chain carbon and us ring carbon, and 
that the latter exhibits a much greater stability at high tempera- 
ture than the former, that is, a lower vapor tension. Cellulose 
is a chain hydrocarbon, and as in carbonization it never passes 
through a fluid state, the molecular structure of its carbon atom 



nesc mamem lumps uo noi, oiaciven i,ne gio DC, except wncntne 
icuuin is defective or becomes defective, and by the residual 
ises in the lamp globe volatile compounds are formed, as tungs- 
511 oxides, which then deposit on the globe and terminate the 
to of the lump. Kvcn then their blackening is characteristically 
Lfferent from that of the carbon filament, in that it occurs very 
ipidly, and the lump, after running, possibly for hundreds or 
lousunds of hours without bluckening, suddenlv blackens 
ithiii a few days and (hereby l' (> <'(>H's^i|,i(|)^^^e, while 
ith the carbon filament the blac',k( i nui(f.t.l''&ipuwl i flir()ughout 

3S. Bv the use ojV^f^i f^fru^tliry niefuls the efficiency of 
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i cn i a^^,ii\\'|k!.ri*li1 1 ting ,i,h^"%^ 'of higher temperatures in the 
%fiu were ^perjAi^sible witk-'lhe carbon filament due to 
s evaporation, ifowev^r, regarding the rate of evaporation, 
iffcrent modificj^j<urt*ni';Wirbon show very different eharacteris- 
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<ts. The ca.iYVV ii mainenls first- used in incandescent lamps were 
uide by curboni/.ing vegetable fiber, as bamboo, or by squirting 
solution of cellulose through a small hole, into a hardening solu- 
011 and curboiiixing this structureless horn-like fiber. These 
laments had a very high vapor tension, thus could not be. run 
< hot as (he modern carbon filament and so gave a lower effi- 
cncy. They are now used only as base filaments, that is, as 
>re on which a more stable form of carbon is deposited. Such 
form of carbon was found in carbon deposited on the filament 
V heating it in the vapor of gasolene or other hydrocarbons, 
his carbon deposit, is of much lower electric resistance than the 
use on which it war; deposited, its negative temperature c.oefli- 
ent of electric resistance is lower and its vapor tension so much 
iwer as to make if possible lo operate (lie. lamp at a specific f'on- 
nnptioii of o.l watts per candle power. Of late, years a still 
ion; stable form of carbon has been found in the. so-called "me- 
illic carbon," produced from the gasolene deposited carbon shell 
[ the filament, by exposing, it for several inimit.es to a tempera- 
irout the boiling point of carbon; that is, the highest attainable 
mperuluro in an electric carbon lube furnace. Hereby the 
sisolene deposited carbon of the filament shell the inner base 
oes not appreciably eha.nge its characteristics acquires metal- 
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lent would bo u chain carbon, and its low .stability and. high vapor 
aision, that is, the case of breaking up of the molecules by 
vaporation, thus would be accounted for. 

A carbon compound, however, which passes through the vapor 
:ate in carbonisation, as the gasolene vapor in treating the ear- 
on filament, would as vapor at high temperature largely convert 
ito ring structures, that is, benzol derivates, and thus give a ear- 
on deposit consisting largely of molecules in which the carbon 
toins are grouped iu rings. These molecules:, therefore, are more 
;ahle at high temperatures, and thus exhibit the lower vapor 
jnsion shown by (he gasolene deposited coating of the base 
lament. This deposited carbon, however, must be expected to 
ave numerous side chains attached to the ring nuclei of the 
iolecnles,and the side chains are. relatively easily split off at high 
jrnporaiures, as is well known of the benxol derivates. As a 
.'suit thereof, this form of carbon, which I may call "interme- 
iatc carbon," slill shows a considerable vapor tension, due to 
le side chains of the ring structure. Exposure to extremely 
igh temperatures splits off these side chains, which then re- 
rrange into the only form of carbon stable at these; very high 
;mperatures; that is, ring structure and the "metallic" form of 
irbon produced from the gasolene deposited carbon by the elec- 
ic furnace, thus would he largely ring structure of the carbon 
oleculo, that is, (hi 1 condensation of numerous rings, similar to 
uit found in anthracene, etc. It, therefore, would have a very 
igh stability at hij'h temperature; that is, be. diOieult to split up 
:ul thus show the low vapor tension characteristic, of the me- 
illic carbon. In other words, the high vapor tension of most 
urns of carbon would be the result, of the dissociation of coin- 
lex carbon molecules of chain structures, or of side chains, of 
ng structures, and a carbon atom of complete ring structure 
ms would only ; ho\v the vapor tension corresponding to the 
tolecular weight, which is very high, due to the. large number 
' atoms in the molecule. 

Thus two characler'btic. allot ropie. modifications of carbon may 
dst besides (he Iransparent, carbon or diamond: 



sistance, metallic character, low vapor tension at high tempera- 
tures. The kilter one, obviously, is best suited as an incandescent 
radiator. It may be possible to introduce into the ring structure 
of the carbon molecule other atoms of very refractory nature as 
boron, titanium, silicon, and by their chemical affinity still further 
increase the stability of the molecule, so that it does not appear 
outside of the possibility to find a form of carbon which as radiator 
would be superior to any metal filament. If carbon could be 
operated us near to its limit of solidncss as tungsten, it would give 
about 0.15 watts per candle. 

!i ( J. Most bodies show similar characteristic in their tempera- 
ture radiation ; that IK, the total radiation varies in the same man- 
ner with the temperature as the fourth power of the absolute 
temperature. Thus the distribution of the frequencies in the 
radiation is the same, for the same temperature, varies in the same 
manner with the temperature., so that the distribution of the 
radiation power between the different frequencies is a charac- 
teristic, of the temperature, independent of the material of the 
body, and can be used for determining the temperature of the 
radiator. 

Huc.h bodies, therefore, are said to give normal temperature 
radiation. 

Many bodies of normal temperature radiation give the same 
intensity, or power of radiation, at the same temperature, that is, 
have the, same radiation constant k in equation (1); these bodies 
are called "black bodies," and their radiation "black body radia- 
tion." Their radiation is the maximum temperature radiation 
given by a body. Other bodies of normal radiation give a lower 
intensity or radiation, but so that their radiation is at any tem- 
perature and for any frequency the same fraction of the radiation 
of a black body. Their radiation, then, is called "grey body 
radiation," and they also would follow the radiation law equa- 
tion (1), but with a constant k, which is a fraction of the constant 
/c of black body radiations: 

k = ft/ * 



For temperature radiation the following law applies: 
"The temperature radiation of a body is at any temperature 
and at anv frequency the same percentage of black body radiation 



radiation." (Kirchhoff's law.) 

This lu\v relates the behavior of a body towards radiation 
impinging upon if from other bodies, with its behavior as radiator. 

A body which absorbs all the impinging radiation, that is, a 
black body, gives a maximum temperature radiation, and this 
radiation, thus, has been called the black body radiation. An 
opaque grey body of albedo , (hat is, a body which refle.cts the 
same fraction a of the impinging radiation and thus absorbs the 
part (1 n\ of the impinging radiation, thus gives as radiator 
the part (1 a) of black body radiation. That is, its radiation 
constant, is 

k /< (1 aU , 

and the radiation constant of any opaque body, thus, is the radia- 
tion constant of I he black body multiplied by 1 minus its albedo a. 

For a perfret ly white or perfectly transparent body, the radia- 
tion constant , thus, would be xero; thai, is, this body would give 
no temperature radiation, would nol. become incandescent at 
high temperature:-. 

!0. A colored body was defined as a body which reflects or 
transmit:-: different fractions of the impinging radiation, for dif- 
ferent fjvqiii'Mrii's. Such a colored body usually absorbs different 
part:; ol the iiujiiiuMiig radiation For different frequencies and as 
radial"! 1 , (hen, \vould for different, frequencies give different frac- 
tions nf black body radiation; (hat is, its radiation for some 
freqiieiicii ; wntild be a greater part, of black body radiation. The 
rndialion of ;:iirh a body is called ''colored body radiation." In 
colored lnnly radiation (he distribution of intensities throughout 
(he ,' pectrum, thai L-, for different frequencies, thus differs from 
thai of (he bl.'iek urj'rcy body at (he same temperature, that is, 
colored radiation i: : not normal radiation and thus also does not 
follow tin- (rjuperalure la\v equation ( 1 ). 

Km* in: Saner, if in Fig. Ll'.i. 1 is the curve of distribution of the 
intensity of radiation as function of (he frequency, at a certain 
lemperatuiv, ar the ntelfin;.!; point of tungsten, fora black body; 
grey body radiation would be represented by curve II or III, in 
which tin- iirdinales are a constant fraction of those of curve I. 
Curve II. fur aibrdo n I).:;, has the height I 0.7 times 
ili.ii ,,f t.i.,,.1, I.,,,K. i..,, !;.,(;,, I Hi..) i< v.-uli'iles 70 tier c,(>nt as 



body. Curve III corresponds to albedo a = 0.6, or a radia"t 
constant 1 - a = 0.4 times that of the black body. Colo 
body radiation, then, would be represented by curves IV and 
Representing the octave of visible radiation by L, the are* 
the curve within the limits of L to the total area of the radial 
curve, gives the ratio of power visible to total radiation, or 
"radiation efficiency." As seen, this radiation efficiency is 
same for black and grey bodies, I, II, III, and the only differe 
between the black and the grey body is that with the grey b< 
the amount of light per unit radiating surface is less, but 




FIG. 29. 

power required to maintain the temperature is corresponclin 
less, hence the efficiency is the same and merely a larger radi 
surface required to produce the same amount of light; the lai 
the surface, the higher the albedo of the radiator. For colo 
radiators, however, the radiation efficiency may be different i 
frequently is. ' In the colored body IV, in which the radiatior 
the visible range is a greater part of the black body radiatio 
than in the invisible range, the radiation efficiency is greater tl 
that of colorless or normal radiation at the same temperati 
that is, such a colored body gives a higher efficiency of li 
production than corresponds to normal radiation at the ss 
temperature, Such, for instance, is the case with the materia 
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the Welsbach mantle and to some extent probably also with 
the tungsten filament. Inversely, the colored body V, in which 
the radiation in the visible range is a lower percentage of black 
body radiation than in the invisible range, gives a lower efficiency 
of light production. Such, for instance, is the case with glass, 
which, therefore, would be an abnormally inefficient incandescent 
light producer. 

To illustrate the difference in the radiation of black and grey 
bodies, I show you here a piece of graphite rod, around which a 
strip of platinum foil is wrapped in an open spiral and then it is 
enclosed in a transparent quartz tube. Heating it in the bunscn 
flame, you sec the graphite becomes bright red, while the platinum 
foil surrounding it is far less luminous and the quartz tube is not 
luminous at all, though all three have practically the same temper- 
ature, or if anything, the outer quartz tube is the hottest, the 
interior graphite rod the coolest. Still, the graphite gives the 
greatest amount of light: graphite is a black body and thus gives 
maximum radiation; the platinum as a grey body gives less radia- 
tion at the same temperature and the quartz as a transparent 
body which absorbs almost no radiation, thus, also, gives out 
almost no radiation, that is, does not become luminous at a 
temperature at which the graphite is bright red. 

I now drop a small platinum spiral into a mixture of the nitrates 
of thoria and eeria (the, rare earths of the Welsbach mantel), and 
then immerse it in the bunseu flame. The nitrates convert to 
oxides, which fluff out into a very light and porous mass, which 
you see glow in a very intense, slightly greenish light, far brighter 
than the platinum wire immersed in the same flame. The dis- 
tribution of intensity of this radiation differs from that corre- 
sponding to any temperature, and the percentage of visible 
radiation, especially from the center of the visible spectrum 
(greenish yellow), is abnormally large. This, therefore, is a colored 
radiator, giving a higher radiation efficiency than the normal 
temperature radiation. 

A radiation which does not follow the temperature law of 
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Regarding- the temperature radiation produced by the body as 
radiator, most bodies are more nearly colorless, blac.k or grey 
bodies, that is, give normal radial inn or nearly so, and colored or 
selective radiation of considerable intensity is the exception. 

Obviously, no perfectly blac.k, or even perfectly colorless radia- 
tor exists, but even carbon shown a slight selectivity, a slightly 
greater intensity of radiation at tho red end of the spectrum than 
corresponds to the temperature. 

Perfectly black body radiation, however, is the radiation at 
the inside of a hollow body of uniform temperature, and the 
laws of black body radiation, thus, are studied on the radiation 
in the interior of a closed shell with opaque walls of uniform 
temperature. 

In the interior of such a hollow body of uniform temperature 
every surface element radiates to every oilier element and receives 
radiation from every other surface element, that is, the surface 
dement A l receives us much radiation from element /I, as ele- 
ment A 2 receives from A r 

Of the radiation received by a surface element A^ by the radia- 
tion law, that part which exists in the radiation produced by ..4 1 
is absorbed, that part which does not exist in the temperature 
radiation of A v is reflected, and the total radiation issuing from 
A^the radiation produced by it. plus thai reflected by it, together, 
thus, make up complete black body radiation. If, (hen, (.he hol- 
low radiator is a black body, it, absorbs all the impinging radia- 
tion, reflects none, and the radial inn issuing from it thus is the 
black body radiation produced by it. If the radiator Is not 
a black body, but a grey or a colored body, of any frequency nf 
radiation, for which it lias the albedo a,, only the part. (1 a) 
is produced by it, but the part d of (he impinging radial-inn nf 
this frequency is reflected, and the lotal radiation of this fre- 
quency, thus, still is unity, that, is, back body radiation. 

Obviously, the body cannot- lie perfectly closed, but must 
contain an opening, through which the interior radiation is 
observed, but if this opening is sulliciently small it, introduces no 
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able shutter S 2 below S i with a single opening, we can bv "t 
out a single green color, and by moving the shutter S brine tl 
to coincidence in shade with the resultant color of shutter S L 
the position of the shutter S a then measures the temperatir 
The scale of such a direct vision pyrometer may either be calc 
lated from the radiation laws, or it may be calibrated by soi 
known temperatures, as the melting points of gold nlatinn 

i -V j c i o" av - t -j pmuilU- 

boiling point of carbon, etc. 

A number of types of such visual pyrometers have been dev 
oped, and are very convenient. 

Their limitation, obviously, is that they apply only when i. 
radiation is normal temperature radiation, but give wrong resu 
where colored radiation or luminescence is present. Thus 1 




FIG. 30. 

radiation given by the interior of a closed body of uniform t< 
perature ceases to be black body radiation if the interior is fl 
with luminous vapors, as is frequently the case in the interio: 
electric furnaces. For instance, using such a visual pyrorrn 
for the interior of the carbon tube furnace used for metallic 
carbon filaments gives, frequently, quite impossible results, t 
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that all the frequencies of black body radiation are present, since 
evidently, no frequency which is entirely absent in the radiation 
of the body could be produced by reflection. Furthermore, all 
the radiation must be temperature radiation, that is, no lumines- 
cence exist in the interior of the body. These requirements are 
easily fulfilled, except at extremely high temperatures. 

41. The radiation laws offer a means of measuring tempera- 
ture, and the only means for those very high temperatures where 
the gas thermometer (that is, the measurement of temperature by 
the expansion of a gas) and the thermo-electric couple or the 
resistance pyrometer cannot longer bo used, as no material exists 
which remains solid at temperatures such as JLhosc of electric 
furnaces, etc. 

As the total intensity of the radiation varies with the tempera- 
ture, and the ratio of the intensity of radiation, of any definite 
frequency to the total radiation, or the ratio of intensities at 
two different frequencies of radiation, is a function of the tem- 
perature, either can be used for measuring the temperature. 

For instance, measuring the. intensity of the total radiation 
which in vacuum enclosed radiators as incandescent lamp fila- 
ments is done by measuring the power input --gives the tem- 
perature if the body is a black body and its radiating surface 
measured. H one temperature is known, as, for instance, by the 
melting point of some substance., by comparing the total radia- 
tion power with that at the known temperature, other tempera- 
tures can be measured. 

Determining the ratio of the. power of the visible radiation, 
and that of the total radiation that is, the radiation efficiency 
thus gives UK; temperature for black bodies as well as grey 
body radiators, and (bus is frequently called the "black body 
temperature." 

By comparing the intensity of any two radiations we get the 
temperature. This could be done by using two wave lengths 
of radiation in the visible range. Kor instance, the ratio of the 
intensity of the yellow and the; blue radiation gives the tern- 



tion, and the average wave length of radiation and the tot 
intensity of radiation of a colored body thus do not vary with tl 
temperature in the same manner as is the case with the black ai 
the grey body, that is, the normal radiation. The intensity 
colored body radiation at any frequency cannot exceed the inte: 
sity of radiation of a black body at the same temperature ai 
frequency, since the radiation of the black body is the maximu 
temperature radiation at any temperature and frequency. 

A body which gives at some frequency a greater intensity 
radiation than a black body of the same temperature is call 
luminescent, that is, said to possess "heat luminescence." Cha 
acteristic of heat luminescence, thus, is an excess of the intensi 
of radiation over that of a black body of the same temperature f 
some frequency or range of frequencies, and the color of lumi 
escence is that of the radiation frequencies by which the lumi 
escent body exceeds the black body. 

It is not certain whether such heat luminescence exists. 

The high efficiency of light production of the Wclsbach ma 
tel, of the lime light, the magnesium flame, the Nernst lamp, eh 
are frequently attributed to heat luminescence. 

The rare oxides of the Wcisbach mantel, immersed in i. 
bunsen flame, give an intensity of visible radiation higher tlu 
that of a black body, as a graphite rod, immersed in the sar 
flame, and if we assume that these oxides are at the same temper 
ture as the flame in which they are, immersed, their light must ' 
heat luminescence and not colored radiation, as the latter ca 
not exceed that of a black body. It is possible, however, th 
these oxides are at a higher temperature than the flame surroun 
ing them, and as the radiation intensity of a black body rapid 
rises with the temperature, the light radiation of the rare oxid( 
while greater than that of a black body of the. flame temperatm 
may still be less than that of ti black body of the same temper 
ture which the. oxides have, and their radiation, thus, colon 
temperature radhitimi and not luminescence. Very poro 
materials, as platinum sponge 1 ,, absorb considerable quantities 
gases, arid by bringing them in close contact with each other 
their interior cause chemical reaction between them, where sui 
can occur, and thus heat and a temperature rise above surroun 
ing space. Thus platinum sponge, or fine platinum wire, immers< 
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in a mixture of air and alcohol vapor at ordinary temperature, 
becomes incandescent by absorbing alcohol vapor and air and 
causing them to combine. The oxides of the Welsbach mantel, 
as produced by the deflagration of their nitrates, are in a very 
porous state, and thus it is quite likely that in the bunscn flame 
they absorb gas and air and cause them to combine at a far more 
rapid rate than in the flame, and thereby rise above the flame 
temperature. An argument in favor of this hypothesis is, that 
these oxides j when immersed in the. bunscn flame in close contact 
with a good heat conductor, as platinum, and thereby kept from 
rising above the flame temperature, do not show this high lumi- 
nosity. I have here a small, fairly closely wound platinum spiral 
filled with these oxides. Immersing it in the bunsen flame you 
see the oxides and the platinum wire surrounding them glow with 
the same yellow light, but see none, of the greenish luminosity 
exhibited by the oxide when free in the flame, except at a few 
points at which the oxide projects beyond and is not cooled by 
the platinum spiral. The absence of a high selective luminosity 
of these oxides, when heated elect.rically in a vac.uum or in an 
inactive gas, also points this way. The gradual decay of the 
luminosity shown by such radiators may bo due to their becoming 
less porous, by sintering this would account for the very rapid 
decay of the light of the lime cylinder in the hydro-oxygen (lame, 
and the very small decay of the more refractory oxides in the 
Welsbach mantel but it also may be the general characteristic 
of luminescence, as we have found in the discussion of fluorescence 
and phosphorescence. 

In favor of heat luminescence as the. cause of the very high effi- 
ciency of these radiators is, however, the similarity of the con- 
ditions under which it occurs, with those we (hid in fluorescence 
and phosphorescence. Just as neither calcium sulphide nor zinc 
silicate nor calcium carbonate, are fluorescent or phosphorescent, 
when chemically pure, but the fluorescence and phosphorescence 
are due to the presence of a very small quantity of impurities, as 
manganese, so the pure oxides, thoria,erl)ia, ceria,<lonot give very 
high luminosity in the bunsen flame, but the high luminosity is 



nary temperature we have in phosphorescence the same phenome- 
non of the production of a radiation exceeding in intensity that 
of a black body of the same temperature : the black body radia- 
tion at ordinary temperature contains no visible rays, while that 
of a phosphorescent body does. Heat-luminescence, thus, may 
be considered as fluorescence at high temperature. 

However, to some extent, the question of the existence of heat 
luminescence depends upon the definition of luminescence, and 
any colored radiation may be considered as heat luminescence of 
a grey body. For instance, the radiation represented by curves 
IV and V of Fig. 29, may be considered as colored temperature 
radiation, as they are below black body radiation, curve I. But 
as they exceed at some frequencies the curves of grey body 
radiation II and III, they may also be considered as heat lumi- 
nescence of a grey body. If, then, we compare such curves of 
selective radiation, IV and V, with normal temperature radiation 
of the same total intensity that is, with a grey body radiation 
of the same power at the same temperature all such selective 
radiation can be considered as heat luminescence. 

While the term "luminescence" is usually applied only to 
abnormally high radiation in the visible range, in its general 
physical meaning it applies to abnormal radiation of any fre- 
quency range, and curve V in Fig. 29, for instance, would be the 
curve of a grey body, which luminesces in the ultra-red, while 
curve IV would be that of a grey body, in which the heat lumi- 
nescence is in the visible range. 

In general, however, it is preferable to consider as luminescence 
only such radiation as exceeds the black body radiation of the 
same tomporaturc, and this will bo done in the following, while 
radiations which differ in their frequency distribution from the 
black body, without exceeding it in intensity, are considered as 
colored body radiations. 



LECTURE VI. 

LUMINESCENCE. 

43. All methods of producing radiation, and more p* 
light, other than the temperature radiation or incandeg 
generally comprised by the name? luminescence. Sor 
eases of luminescence havo already been discussed in 
noinena of fluorescence! and phosphorescence, rcpresenl 
conversion of the. radiation absorbed by a body into ra 
a different wave length. 

Usually luminescence, at ordinary temperature, or at 
temperatures, that is, temperatures below inoandescenc 
fluorescence or phosphorescence. 

Fluorescence and Phosphorescence. 

Fluorescence is the. production of radiation from t 
supplied to and absorbed by the. fluorescent body, \v 
phorescencc is the production of radiation from the one 
in the phosphorescent body. This energy may be dei 
internal changes in the body, as slow combustion, or 
been received by the body at some, previous time 
exposure, to light a enlcium sulphide screen absorbs 1 
of incident., radiation, stores it in some form, and i 
radiates it. 

Khiorescence. and phosphorescence usually occur 
ne.onsly: the energy supplied to such a luminescent b( 
about certain changes in the body as vibrations of 1 
or whatever it may be -which cause the body to send 
lion. As long as this energy is supplied, the radiat 
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appear instantly at full intensity, as energy has first to be stored. 
The persistence of the luminescence after the power supply has 
stopped, as phosphorescence, is very short, except with a few 
substances, where it lasts for days. Where the energy of phos- 
phorescent radiation is supplied by the energy of chemical 
change in the body as with yellow phosphorus obviously 
the phosphorescence persists as long as these chemical changes 
can occur. 

The different forms of luminescence may be distinguished by 
the diameter of the energy which is converted into radiation. 

The conversion of radiation energy into radiation of different 
wave 1 length, either immediately, or after storage in the body, 
thus may be called radio-Jluonw.cme and radio-phosphorescence. 
It was discussed in Lecture II. 

The same bodies, exposed to an electric discharge in a vacuum 
(Geissler tube or (Vooke tube) show chdro-lumincxcence, fluores- 
cence a* well as phosphorescence, and usually with the same 
color as in radio-luminescence. 

Thcrniu-liuiu'nwcm-c. is exhibited by some, materials, as the 
violet' colored crystals of lluorito (Cal/1 a ), which, when slightly 
warmed, luminesce. it, is this which gave the name "fluores- 
cence" to the phenomenon. 

Home, solutions, when crystallising, show light during the 
formation of crystals, and thus may be said to exhibit a physical 



Clunninil plHtsjihanwc.-ncfi is exhibited by yellow phosphorus 
and its solutions, which in the, air glow by slow combustion, at 
ordinary atmospheric temperature. As the ignition point of 
phosphorus, that, is, the temperature where it spontaneously 
ignites, is little above atmospheric, temperature, the chemical phos- 
phoresce ;neo of phosphorus occurs at temperatures a few degrees 
below ignition; it, censes, however, at very low temperature. 

The chemical luminescence, as shown by phosphorus, is not 
an exceptional phenomenon, but many substances exhibit chemi- 
cal phosphorescence at- temperatures a few degrees below their 
ignition temperature, as the result of slow combustion. With 
those suhstune.es which have an ignition point above incandes- 
cence, this cannot he observed, but it is observed, for instance, 
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180 cleg, cent., and a few degrees below this temperature phos- 
phoresces in air, by slow combustion. 

A biological phosphorescence is .shown by many forms of life: 
some bacilli of putrefaction phosphoresce, and are the cause of 
the faint glow occasionally observed in decaying food, espe- 
cially fishes. Amongst insects and numerous sea animals of dif- 
ferent classes, especially deep-sea animals, phosphorescence is 
frequently met, but its origin, that is, the mechanism of light 
production by the firefly, etc., is still unknown. 

When splitting a sheet of mica, or shaking a well-exhausted 
tube containing mercury, flashes of light are seen in the. darkness. 
This, however, is not real phosphorescence but due to electrostatic 
flashes of f notional electricity. 

The light given by fluorescence and phosphorescence of solids 
or liquids, gives a continuous spectrum, that, is, is a mixture of all 
frequencies, just as is the cane with temperature radiation; it 
differs, however, from temperature radiation by the distribu- 
tion of the energy in the spectrum, which is more or less charac- 
teristic of the luminescent body, and to some extent, also, of the 
method of exciting the luminescence. Thus crystalline calcium 
tungstate, WO^Ca, fluoresces white, in the X-ray, light blue, with 
ultra-violet light; the aniline dye, rhodamine (J (!, in alcoholic 
solution fluoresees green in daylight, crimson in the light of the 
mercury lamp; willemito (calcium silicate) shows a maximum 
fluorescent radiation in the green, some chalcit.es in the. red, etc. 

So far, fluorescence and phosjihorescenee have not yet found 
any extended industrial application- 

44. Some of the. characteristic forms of luminescence at higher 
temperatures [ire, puro-lwniiuwc.ncc, client ical-Uun inwcticc, ant 1 



{ l be considered all 
radiation, produced by heat, which exceeds at some, wave; length 
the intensity of the black body radiation at the. same temperature. 
Whether real pyre-luminescence exists, is uncertain, but by an 
extension of the definition any colored temperature, radiation 
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Chemical Luminescence. 

-Whenever intense chemical changes take place at higher tem- 
perature, luminescence frequently occurs. I have here an ordi- 
nary, non-luminous bunsen flame. I dip a platinum wire into a 
solution of lithium chloride, LiCl, and then hold it into the lower 
edge of the (lame: the liame colors a bright red, and through the 
spectroscope you see a bright deep red line and a less bright 
orange line, the spectrum of Li. After a little while, the color- 
ing disappears by the LiCl evaporating from the wire, and the 
flame again becomes non-luminous. I repeat the same experi- 
ment, but dip the platinum wire into sodium chloride, NaCl, 
solution, and you see the (lame colored brightly yellow, and the 
spectroscope shows one yellow lino, the sodium line D. Dipping 
the platinum wire into thallium chloride, T1C1, I color the flame 
a bright deep green, the characteristic Tl spectrum, which has one 
bright green line. As you see, the. green coloring disappears 
more rapidly than the yellow did, and the flame turns yellow; 
the Tl salt is more volatile, than the, sodium salt, evaporates more 
rapidly, and as it contains some Na as impurity, the latter be- 
comes visible as yellow (lame, coloring after the Tl has evap- 
orated. 

In the bunKon flame these, waits are evaporated, split up into 
their elements by (ho ilamo gnscs, and recombine, and by these 
chemical changes the atoms of Li, Na or Tl are set in vibration, 
and as vapors, being free, to vibrate without mutual interference, 
they vibrato with (heir characteristic frequency, that is, give a 
definite: frequency and thus color of the light, independent of the 
temperature; if w<>. introduce the same salts into the carbon arc 
we get the, same color and the. same spectrum lines, only much 
brighter, as at the much higher temperature of the arc flame the 
vibration is far more intense.; but it is of the same frequency, and 
in this respect essentially differs from temperature radiation 
which varies in frequency with the temperature. 

In the same! manner by introducing Sr, Ba or Ca salts in 



metal spectra show a number, frequently very many lines 
the visible range. 

As Sr ; Ba, Ca, arc much less volatile than Li ; Na, Tl, to 
good effects in the bunsen flame, instead of the chlorides 
nitrates, or preferably the chlorates or perchlorates are u 
which are more unstable, and thus easier split up and carried i 
the flame. At the much higher temperature of the carbon 
the chlorides, or even the still more refractory oxides are used 

Chemical luminescence is used industrially in fireworks 
colored signal lights; salts of these metals with acids which < 
tain a large amount of easily split off oxygen, as nitrates, or n 
commonly chlorates and perchlorates, are mixed with- some c 
bustiblc material, as charcoal, sugar, sulphur, antimony sulph 
etc. When ignited, the combustible burns with the 0x3 
given off by the nitrates or chlorates, and in the focus of 
intense chemical action, intense luminescence of the meti 
produced. Thus Sr gives a bright red, Ba a green, Ca an on 
yellow, copper ammon a blue coloring. 

Electro-luminescence of Gases and Vapors. 

45. Industrially this is the most important form of lum 
flenoe. Solids and liquids can be made to luminesce only : 
redly by exposure to electric discharges, as electrical fluorescc 
Gases, however and under gases here and in the followin ; 
include vapors as, for instance, the carbon vapor, which is 
conductor in the carbon arc become cicctro-luminescen 
being used as coiulud.ors of the. electric current. It is a clu 
toristic of electric, conduction of the gases that this conducti 
accompanied by the, production of radiation, and in the ele 
conduction of gnses wo thus find the. means of a more d 
conversion of electric energy into radiation, and thus into 1 
It is, therefore, in this direction that a radical advance ir 
efficiency of light production would be possible, and the su 
of electric conduction of gases (including vapors) thus is o 
highest importance. 

Two forms of electric conduction in gases exist: disn 
conduction, as represented by the Geissler discharge or the 



Disruptive Conduction. 

. In disruptive conduction the conductor is the gas which fills the 
space between the terminals, and. in carrying the current is 
made luminous. The color of the light and its spectrum is that 
of the gas which fills the space, and the electrode material has no 
effect on the phenomenon, is immaterial (in the Geissler tube, 
or the spark gap, any material may be used as terminal, if it 
otherwise is suitable, that is, is not destroyed by whatever heat 
is produced at the terminals, or by the chemical action of the gas 
in the space, etc.) usually, however, the electrodes gradually dis- 
integrate in disruptive conduction. 

Disruptive conduction is discontinuous; that is, no current 
exists below a certain definite voltage, while above this voltage 
there is current. The voltage at which conduction begins is 
called the disruptive voltage. It is the minimum supply voltage at 
which current exists : if the supply voltage rises above this value 
there is current; if it drops. below the disruptive voltage the 
current ceases, but begins again spontaneously as soon as the 
voltage rises above the- disruptive value. Disruptive conduction 
thus occurs equally well with unidirectional, with alternating, 
or with oscillating currents. It is best studied with alternating 
or oscillating voltage supply, as with a steady unidirectional 
voltage, the disruptive conduction, that is, conduction by the 
gas filling the space between the electrodes, tends to change to 
continuous conduction, by vapors forming at the negative elec- 
trode and gradually bridging the, space between the electrodes, 
and thereby replacing the gas which fills the space, by the elec- 
trode vapor as conductor. This is usually expressed by saying: 
the electrostatic spark between two terminals starts, or tends to 
start, an arc,. 

Disruptive conduction, thus, does not follow Ohm's law; it is 
zero below the disruptive voltage, while with a supply voltage 
exceeding the disruptive voltage of the gas between the terminals, 
current exists, but the terminal voltage is apparently indepen- 
dent of the current, that is, if the other conditions as temperature, 
gas pressure, etc., remain the same, the terminal voltage of the 
Geissler tube or the spark gap remains the same and independent 
of the current, and the current is determined by the impedance 
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e.m.f., or by the available power of the supply source. A Geisslcr 
tube, thus, cannot be operated directly on a constant potential 
supply of unlimited power, but requires a current limiting im- 
pedance in series with it, or a source of limited power, that 
is, a source in which the voltage drops with increase of cur- 
rent, as a constant current transformer or an electrostatic 
machine, etc. 

The disruptive voltage essentially depends on the gas pressure 
in the space between the. electrodes, and also on the chemical 
nature, and on the temperature of the gas. It is over a wide 
range, directly proportional to the gas pressure. Thus, at n 
atmospheres pressure the voltage required to jump a spark 
between two terminals is n times as great as at one atmosphere. 
This law seems to hold from the highest pressures which have 
been investigated down to pressures of a few mm. mercury, that 
is, down to about rod atmosphere. When coming to still lower 
pressures, however, the disruptive voltage; decreases less, ulti- 
mately reaches a minimum usually somewhere between 1 nun. 
and 0.1 mm. mercury pressure- and then increases again and 
at extremely high vac.ua becomes much higher than at atmos- 
pheric pressure, so that it seems that it is infinite in a perfect 
vacuum, that is, no voltage can start, conduction, through a 
perfect, vacuum. As the gas filling the space is the conductor 
in disruptive conduction, it is easily understood that in a per- 
fectly empty space, or an absolute; vacuum, no disruptive, con- 
duction would exist. 

The visible phenomena of disruptive conduction very greatly 
change with the change of g;is pressure; from the electrostatic 
spark at atmospheric, pressures to (he ("Jeisslcr tube; glow in the; 
vaeouim; but the change 1 , is gradual," thus showing the; identity 
of the. two phenome'iia. At atmospheric, pressure, disruptive 
ceinduction occurs by a sharply defined, relatively thin and noisy 
spark of very high brilliancy, which traverse's the; space between 
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any other phenomenon. If, however, the electrostatic field is 
not uniform, as, for instance, between needle points or small 
spheres or wires, with increasing voltage the disruptive strength 
of the gas is exceeded at those places where the field intensity is 
highest, as at the needle points, before the disruptive voltage of 
the spark gap is reached, and then a partial break down occurs 
at the points of maximum Held intensity, as at the needle points, 
or at the surface of high potential conductors, etc. A blue glow, 
then, appears at the needle points, followed by violet streamers 
(in air, the color bohig the nitrogen spectrum; in other gases 
other colors appear), and gradually increases in extent with 
increasing voltage., the so-called "brush discharge," or "corona." 
Between needle points the brush discharges increase in extent, 
and approach each other until' they bridge nearly GO per cent of 
the gap, and then the static; spark occurs. 

At higher gas pressures the spark increases in brilliancy, in 
noisiness, but gels thinner. If, however, we gradually decrease 
the gas pressure, the spark gets thicker, less brilliant, and less 
noisy, its edges are less sharply defined, that is, get more diffused, 
and ultimately it passes between the terminals as a moderately 
bright, thick and noiseless stream, gradually fading at its outside, 
and at still higher vacua it fills the, entire space of the vacuum 
tube. At the same, lime the required voltage is decreased with 
decreasing gas pressure, as discussed above. 

46. I show you hero (Kig. '$!) the gradual change from the 
static spark to the (icissler lube glow: in a closed glass tube G, 
I have two needle-shaped terminals, < r > cm. distant from each other, 
and supply Ihein with energy from a small. 33,000-volt trans- 
former. You see the. oscillating static spark at atmospheric 
pressure. By now exhausting the tube, while the voltage is 
maintained at the Icnninals, you can watch the gradual change 
from the static spark to the (leissler tube glow. In this experi- 
ment, a small condenser, a Lcydeii jar, is shunted across the high- 
potential terminals of the transformer, to guard against the 
disruptive conduction changing to continuous conduction, that 
is, to an arc,, and a reactance inserted into the low-tension pri- 
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is, disk-shaped bright spots with diffused outlines alternate with 
less luminous spur.es, about as shown in Fig. 32. The distance 
between the luminous disks increases with decrease of the gas 
pressure. Two sets of such disks exist, one issuing from the 
one, the other from the other terminal. They are stationary 
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only if the gas pressure! is perfectly constant, but separate and 
contract with (ho .slightest change of pressure, hence are almost 
never at rest, hut constantly moving through each other. The 



atmospheric pressure, practically all the voltage is consumed in the 
space between the terminals, and between needle points for dis- 
tances of 10 cm. and over very closely 4000 volts effective alternat- 
ing per cm. (10,000 volts per inch) are required (corresponding to a 
breakdown gradient of 30,000 volts per cm. in a uniform field) . With 
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FIG. 32. 

decreasing gas pressure the voltage consumed in the space be- 
tween the terminals dccreascs,but the voltage consumed at the 
terminals increases*, and in a good Geissler tube vacuum with 
nitrogen gas filling the space between the terminals, from 1000 to 
3000 volts may be consumed at the terminals, while the voltage 
consumed in the space between the terminals may drop as low 
as 2 volts per cm. or less. 
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tween the terminals, that is, in the luminous stream of the Ge 
ler tube, seems to be practically independent, not only of 
current, but, also of the size of the tube, as should be expec 
with a disruptive discharge. It varies, however, with the t 
perature, and is different with different gases, that is, cliffei 
gases have different disruptive strength. 

The light given by the (leissler tube shows the spectrum of 
gas, and thus is very bright and fairly efficient with a gas as ni 
gen, and especially neon, which gives a large number of spect 
lines in the visible range, and less efficient with a gas as cai 
dioxide or hydrogen, in which the lines in the visible range repre 
only a small part, of the radiated energy. 

The industrial use of the. elect ro-himineseence of disrup- 
ondiirlion, that is, ( Jeissler tube-, lighting, is still limited (Me. 
tube). So far only nitrogen gives a fairly good efficiency; itrea< 
apparently values between the tungsten lamp and the ta 
him lamp, or, a specific, consumption of two watts per n 
spherical candle power. The color of the, nitrogen spcctrui 
a reddish yellow. As tin; range, of gas pressure, in which 
voltage is near the minimum is very narrow, and the gas j. 
sure changes during operation, by absorption at the electro 
etc., means have to be provided to maintain constant gas pros 
by automatically feeding gas into the tube whenever the \ 
sure drops below the minimum voltage or maximum cffici< 
point. The greatest, disadvantage of (leissler tube ligln 
however, is (he high voltage required at the, terminals. Tc 
fair efficiency (he tube must be. so long that the, voltage 
snmed in the stream which represents the power conve 
into light is much larger than the voltage consumed at 
terminals -which represents wasted power. With a tern 
drop of 2000 volts, and two voll.s per em. in the conducting 
stream, to use half of the supply voltage for light production, 
requires a tube, length of 2000/2 - 1000 cm. = 10 in. or 33 
and to use. SO per cent of the supply voltage for light produc 
tlinl is. w:is(e onlv 20 ner rent of the. snnnliod nower in heatin; 



the light. Neon gives a still much higher efficiency, though a red 
light, and us a noble gas is only very slowly absorbed, but is a very 
rare gas. 

Continuous Conduction. 

47. In continuous conduction, or arc conduction, the conductor 
is a stream of electrode vapor, which bridges the gap between the 
electrodes or terminals. 

While; in the .spark, or the Gcisslcr discharge, the conductor is 
the gas which fills the space, between the terminals, in the electric 
arc the current makes its own conductor, by evaporation of the 
electrode material, and maintains this conductor by maintain- 
ing a supply of conducting vapor. The color and the spectrum 
of the arc., thus, are those of the electrode material, and not of 
the gas which (ills the space in which the arc is produced, and 
the nature of the, gas in the, space thus has no direct effect on 
the arc. I Is pressure, obviously has an effect, as the vapor pres- 
sure of the conducting arc, stream is that of surrounding space, 
thus increases with increasing gas pressure, and the arc vapor 
then contracts, the arc, gets thinner, while with decrease of the 
gas pressure in the space surrounding the arc the vapor pressure 
of the arc stream also decreases, thus the vapor expands, and 
the arc, stream becomes larger in section and correspondingly 
loss luminous. 

As the arc. conductor is a vapor stream of electrode material, 
this vapor stream must first be produced, thai is, energy must 
first be expended before are conduction can take place. An arc, 
that is, continuous conduction, therefore, does not start spon- 
taneously behveen (he ;trc terminals if sufficient voltage is sup- 
plied at I lie lermin.'ils to maintain the arc, but the arc has first 
to be started, that is, (lie conducting vapor bridge produced by 
the expenditure of energy. 

If, therefore, in the arc the current ceases oven momentarily, 
the conduction ceases by (he disappearance <>f t-ho vapor stream 
and does not start again spontaneously, but the arc has to be 
started by producing a vapor stream. With alternating voltage 
supply (he are,, thus, would go out at the xe.ro of current and have 
to be stalled again at every half wave. In general, the arc, thus, 

is din-el ci i rri'iif. I ilicunl I IOMOM. 
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Some of the means of starting arc conduction are: 
(1.) By bringing the terminals into contact with eacl 
and thereby closing the circuit, that is, establishing the c 
and then slowly separating them. In the moment of sep 
the contact point is heated, vapor produced at it, and dui 
separation of the terminals, a vapor stream is left be] 
conducting bridge. Obviously, if the terminals are se 
very rapidly, and the voltage is not much higher than r 
to maintain the 'arc,, not enough vapor may be produced 
duct the current, and the arc does not start. 

(li.) By raising the voltage between the terminals so hi 
a static spark passes between them, that is, disruptive con 
occurs. The energy of this static spark, if sufficiently lar 
is, if the- high voltage is maintained sufficiently long, th 
duces the vapor stream and starts the arc, that is, the arc 
the spark. If the duration of the high voltage is very sh 
energy of the spark may not be sufficient to start the arc 
high frequency discharges between live terminals freque: 
not followed by an arc, and the lower the voltage betw 
terminals is, UK; more powerful a static spark is required 
an arc. 

(U.) By supplying the, conducting vapor stream from 
arc, (hat, is, by an auxiliary arc. If the vapor stream 
auxiliary arc. issues from the same terminal as the vapoi 
of the main arc, which is to bo started, only the normal O] 
voltage is required in starling the latter arc, while a higl 
age is required, if the vapor is supplied by an entirely i 
an;. 

(4.) By raising the space between the terminals to a v 
temperature., as by bridging the terminals by a carbon f 
and by (he passage of current raising this filament to v 
temperature. 

-1-N. The. sharp distinction between the arc, in which 
rent, makes its own conductor by a vapor stream issui 
the terminals, and the (leissler discharge, in which the 
uses the gas which (ills the space as conductor, is best ill 
by using in either ease the same material, mercury, as co 



1 now connect, as shown diagrammatically in Fig. 34, terminals 

2 and 3 to the high potential coil of a step-up transformer the 

low potential circuit contains a reactance to limit the current 

and you see the striated Geissler discharge through mercury 




FIG. 33. 



vapor appear between terminals 2 and 3, giving the green light 
of the mercury spectrum. The terminals are quiet, as they do 
not participate in the conduction. I now connect terminals 1 
and 2 through a resistance, to a direct current supply, and tilt 
the tube momentarily to let Home mercury run over from 2 to 1, 
and by thus momentarily connecting these terminals, establish 
the current and so start the arc, and you see the mercury arc 
pass between terminals 1 and 2, and see at one terminal the 
negative one a rapidly moving bright spot, which marks the 
point from which the vapor stream issues which carries the cur- 
rent. We have here in one and the same vacuum tube, and 
with the same material thus, the same color and spectrum of 
light, both types of conduction the continuous high current and 
low voltage conduction of the mercury arc, and the striated high 
voltage low current disruptive conduction of the Geissler dis- 
charge through mercury vapor. 

The conducting vapor stream which carries the current in the 
arc, at least in all arcs which so far have been investigated, issues 
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from the negative terminal or cathode 1 , and is in rapid motion 
from the negative towards the positive. The, character of the 
arc, therefore, is determined by the material of the negative 
terminal, the temperature of the are, stream in general probably 
is the temperature of the. boiling point of the negative terminal 




and the speetrum of the arc, is the spectrum of the negative ter- 
minal. An exception herefnun, occurs only in those; cases in 
which the positive terminal contains material whioh boils below 
the temperature of the arc. stream (llame carbons) and the posi- 
tive terminal is made so small that its tip is raised to the 
temperature of the arc, stream, and at this temperature heat 
evaoor.'dion of the material nf Ihc nnsilivc occurs TVmsft vannrw 
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With the exception of this case of heat evaporation from the 
positive terminal, the material of the positive terminal does not 
participate in the phenomena occurring in the arc. Thus the 
positive can be made of any conducting and refractory material, 
anc l if made sufficiently large not to get too hot, does not con- 
sume; only the negative terminal of the arc consumes in feeding 
the arc flame, that is, supplying the vapor conductor, but the 
positive is inherently non-consuming, and may be made a perma- 
nent part of the arc-lamp mechanism. On the contrary, if the 
positive is made so large that its temperature remains very much 
below the arc temperature, condensation of the arc vapor occurs 
at it, and it builds up, that is, increases in size. Consumption 
of the positive terminal is thus due merely to the heat produced 
at it by combustion or heat evaporation. 

While the arc conductor issues from the negative terminal, in 
general more heat is produced at the positive terminal. Thus 
with both terminals of the same size and material, as usual in 
the carbon arc, the positive gets hotter, and therefore in open 
air burns off fasten-, which has led to the erroneous assumption 
that the positive feeds the arc. 

While carbon was the material most commonly used as termi- 
nals, the carbon arc is not a typical arc, but is an exceptional arc. 

(1) Because, carbon is one of the very few substances which 
change directly from the solid to the vapor state, that is, do not 
melt at atmospheric pressure, but boil below the melting point. 

(2) Carbon is the most refractory substance and the tempera- 
ture of the. carbon arc higher than the boiling point of any other 
substance. Any material existing in the terminals of a carbon 
arc, thus evaporates, and by entering the arc stream shows its 
spectrum, so that luminescent material can be fed into the carbon 
arc from either terminal. 

(3) At the temperature of the carbon arc all gases and vapors 
have, become, good conductors, and a carbon arc thus can operate 

nrnuillir ixrnll i in nHnrtuifin tr r'liVTVvnf. n fin rll'rpf.t. P.11 TTP.n t. ' thfl.t IS 
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but sufficiently hot to avoid condensation of magnetite va 
on it. 

The arc flame consists of an inner cylindrical core A, of blu 
white color and high brilliancy, slightly tapering at both er 
which is surrounded by a less luminous shell B, of more yellow 
color, narrowest at the negative end, and incrcas 
in diameter towards the positive, surrounding 
latter. 

The inner core A is the arc conductor, or c 
ducting vapor stream, while the outer shell B 
non-conducting luminous vapor, possibly contain 
particles of solid material floating in it as inc 
descent bodies. 

The arc conductor A issues from a depression 
a melted poolP formed on the surface of the termi 
M. This depression 8 is in a rapid and errj 
motion, and thereby causes a constant and ra 
flickering of the arc. It is this flickering, inherent 
all arcs in which the, negative terminal is fusible (wl: 
therefore does not exist in the carbon arc), which 
retarded the industrial development of the, more, efficient m< 
arcs until late years. Its cause, is the reaction exerted 
the velocity of the vapor blast from the negative, which pra 
the surface of the liquid pool down at the point from wli 
the current issues. The. starting point of the current c 
tinuously climbs up tin; side of this depression, in shorten 
the arc., but, in doing so, depresses its new starting poi 
that is, the depress! >n /*>, and thereby the negative end of 
arc, stream moves over the surface, {.he. faster the more fl 
the surface is. In the, mercury arc, this phenomenon of 
running spot at the negative terminal thus is very marked, 1 
not so objectionable, as the arc, stream is so long that the flic! 
at the negative terminal lias no effect on the total light. T 
flickering disappears in the magnetite arc, if we destroy 
fluidity of the melted magnetite, by mixing with it some mi 
more refractory material, as chromite. The; chromite rcma 
solid and holds the melted magnetite like a sponge. The react 
of the vapor blast, then, cannot depress its starting point, and 
tendency exists of shifting the starting point, and the arc becor 
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steady. In this manner such arcs have now been made steady 
and thereby suitable for industrial use. 

49. Since the arc conductor issues as a rapidly moving vapor 
stream from the negative terminal or cathode, it must be con- 
tinuous at the eathode; if interrupted oven for a very short time 
at the eathode, a break exists in the, continuity of the conductor 
and conduction ceases, that is, the arc extinguishes. At any 
other point of the arc stream, however, a break in the continuity 
of the stream may exist, provided that current continues from 
the negative, since such a break in the. continuity of the con- 
ducting vapor .stream is bridged again, and conduction re-estab- 
lished by the. vapor stream (joining from the negative. Thus the 




arc can he stuffed by merely starling a conducting vapor stream 
from the negative, as by an auxiliary arc. As soon as this con- 
dueling vapor reaches (he positive terminal, it closes the circuit 
and establishes conduction. An arc, can be shifted or jumped 
from one positive terminal to another one, but cannot bo shifted 
from negative to negative; (lie negative terminal, as the source 
of tin 1 nmdueting vapor stream, must he continuous. 

To illiMrate this, 1 have here ( Kig. ,'W) in a hand lamp two 
copper rods A and It of about o mm. diameter, as arc terminal?, 
separated by ~.~> em., and connected into a 2'20-volt direct-cur- 
m)i4 i.ito.inf iMi li oiiftiniotii j'l -i^f n tu'.i> in Ki>i'ifM f.n litniM'.hn nnrro.nt 
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positive, and si art an arc between A and C by touching C to A. 
I draw this tire, to about 4 e.m. length, and without touching C 
with B, as soon as the conducting vapor stream of the arc AC 
(the inner core A of Fig. 3f)) touches B, as shown in Fig. 36, the 
are leaves (,' and goes to B, that is, by the arc AC I have started 
arc AH. If I. had separate resistances in series with the terminals 
B and 0, ihe arc A(J would also continue to exist after it started 
an; AH; otherwise, as two arcs cannot run in parallel, the longer 
are, AC', goes out as soon as the shorter arc AB starts. 

.1 now reverse the circuit by throwing switch $, and make A 
positive, and H and (! negative, again start AC by contact, and 
draw it out until the; arc flame wraps itself all around terminal 
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B, but the. arc. does not, transfer. I even insert 1.0 ohms resist- 
ance r, in series with ( (Fig. .'37), so that the voltage AB is about 
10 volts higher than A(>, (hat, is, B by -10 volts more negative 
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another. The cause is, as explained above, the necessity of the 
continuity at (lie negative, terminal as the source of the conduct- 
ing vapor sf ream. 

Still more start ling is thu following demonstration: I shift the 
resistance r, from (' to tt, and start the, arc from A to B, with B 
as negative, by bringing these terminals into contact with each 
other, and then separating thorn. The auxiliary terminal C 
(Fig. 3S) now is by (() volts more negative than the negative 
terminal H of the arc. I now e.ut slowly through the, arc stream 
by moving (' across il between A and B, as shown in Fig. 38: 
the arc. AH remains, but no current goes to C, although more 
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negative, thai is, at a higher potential difference and a shorter 
distance against ,1 than !i is. I even hold (.' for some time in 
the c.niidiictiug core of (he arc, ,!/>', and still the current does not 
shift fnun the negative // In the still more negative terminal C. 
Thisexperimenl is interesting in demonstrating that a conductor 
immersed into (he are flame does not, assume the potential of the 
arc. flame, bill may differ therefrom by considerable voltage, and 
that it therefore is not feasible In determine the, potential dis- 
tributiuti in an are by means of exploring electrodes, as has 
frequently been at tempted. 
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terminal A in Fig. 3(5, that is, the starting point of the arc 
stream, ami any point reached by it which is positive to A, but 
is non-conducting for any point which is negative with respect 
to 4. 

If, now, in Fig. 38, with the terminal C immersed in the arc 
stream, I connect A and C to a source of alternating voltage, 
as shown in Fig. 39, while a direct-current arc (lows from A to B, 
with A as negative, then during that half-wave of the alternating 
voltage, for which C is positive to .A, then; is current between A 
and C, while for the reverse half-wave, in which C is negative to 
A, there is no current. The arc thus rectifies (lie alternating 
voltage, and the rectification is complete, that is, there is 
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current during one? half-wave, only, but no current at all dur- 
ing the other. I show you this experimentally, using 1 10 volts 
alternating between A and (7. With (his arrangement, to 
maintain the rectification continuously, obviously the ter- 
minal C would have to be cooled. 

Alternating voltage 1 , thus can be. ivclified by means of the 
unidirectional character of the arc,: if a continuous vapor stream 
is maintained from one terminal, either by direcl -current, ex- 
citation or by overlapping several waves of alternating eur- 



current circuits from a source or alternating voltage. Regarding 
the electrical phenomena occurring in arc rectification, see 
" Theory and Calculation of Transient Electric Phenomena and 
Oscillations/' Section II, Chapter IV. 

The inability of an alternating voltage to maintain an arc, 
I show you here on the same apparatus by connecting the two 
terminals (Fig. 40) A and B to the 1000-volt terminals of a 
transformer with sufficient resistance in series to limit the 
current. 

While 220 volts direct current easily maintained a steady 
2-cm. arc between these terminals, with 1000 volts alternating 
between the terminals, if I try to produce an alternating arc 
by gradually separating the terminals, the circuit opens before 
the terminals have separated 1 nun.; that is, 1000 volts alter- 
nating cannot maintain an arc of 1 mm. between these copper 




FIG. 40. 

terminals. The causo is obvious: to maintain an alternating arc 
between two terminals, a voltage is required sufficiently high to 
restart- the arc, at every luill'-wavo by jumping an electrostatic 
spark between the terminals through the hot residual vapor of 
the pr< ',('.(.!< ling half-wave,. The voltage required by an electro- 
static spark, tluil; is, by disruptive conduction, decreases with 
increase of temperature: for a 13-mm. (0.5-in.) gap, it is about 
10,000 volts at atmospheric, temperature, 7000 volts at the 
boiling point of mercury (300 dog. cent.), 2500 volts at the 
boiling point of zinc, (1000 dog. cent.), 500 volts at the boiling 
point of magno.tito (2000 (leg. cent.), 100 volts at the boiling 
point of til.'inium carbide (3000 dog. cent.), 40 volts at the 
boiling point of carbon (3700 dcg. cent.). The voltage re- 
quired to maintain a 13-mm. alternating arc must therefore be 
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at least as high as given by a curve somewhat like curve I in 
Fig. 41 * (to bring the values of voltage within the scale of the 
figure, the logarithm of voltage, as ordinate, is plotted against 
the temperature as abscissa). 

The voltage required to maintain an arc, that is, the direct- 
current arc voltage, increases with increasing arc temperature 
anil thereby increasing radiation, etc. For a 13-mm. (0.5-in.) 




FIG. 41. 



arc it is approximately shown as Curve II in Fig. 41 : 20 volts 
for the mercury arc, -10 volts for the zinc arc, 60 volts for the 

* As thu disruptive voltage also depends on the chemical nature of the 
vapor, that is, some Rases and vapors have a higher disruptive strength than 
others, as discussed above, the arrangement of the different materials regard- 
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lie arc., 75 volts for the titanium carbide arc, SO volts 
c.arbon arc,.* 

en from Fig. 41, the curves I and II intersect at sonic 
gh temperature, near the boiling point of carbon, and 
Is which have a boiling point above the temperature of 
tion of those curves require a lower voltage for restart- 
arc than for maintaining it, and a voltage; sufficient to 
n the arc, restarts it at every half-wave of alternating 
thai, is, such materials can maintain a steady alternat- 
at the same voltage as a direct-current arc. Even 
Is like titanium carbide, in which the starting voltage is 
ch above (.he running voltage;, maintain a steady alter- 
in', as in starting, the voltage consumed during running 
toadying resistance or reactance is available, 
naling ants thus can be maintained at moderate volt- 
!y by a few materials of extremely high boiling poinls, as 
and carbides, but by far the largest number of materials 
!>(! used as terminals of an alternating-current arc. 
ig. -II the range; between the. curves I and II is the 
'ing range," as in this range: unidirectional current is 
d from an alternating source; of voltage; through the arc, 
re, conductor is maintained by excitation of its negative 
1. The voltage ningo e>f rectification thus is highest in 
rury arc, which has the lowest temperature, and vanishes 
high-temperature; are.s. The; carbon a. re. thus cannot 
nplete rectification, while the mercury arc, or '/inc. arc, 
[i do so. Tim mercury arc, having the greatest, reeti- 
range, thus is practically always used for this purpose. 
/ curve II of Fig. 41. no conduct ion occurs, between 
I and II, unidirectional, conduction takes place, and 
curve I disruptive; conduction bv alternating current 
(. 

'he light, and in general the radial i-in given by Mm arc 
that is, by (he; vapor conductor which carries the cur- 
ween (lie fenn'nuils, is elm; to luminescence, thai is, to 
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radiation, without heat as intermediary form of energy, 
quality or color of the light, or its spectrum, that is, the 
quency or frequencies of radiation given by the arc strt 
thus are not a function of the temperature, as in the radia 
produced by heat energy, but the frequencies are thos 
which the luminescent body is capable of vibrating, tha 
are determined by the chemical nature of the luminescent \ 
or vapor conductor. The efficiency of light production 
does not directly depend upon the temperature, does no- 
crease with increase of temperature, as in temperature r[ 
tion, but to some extent rather the reverse. We have the i 
relation as in other energy transformations: when conve] 
heat into other forms of energy, the more intense the 1 
that is, the higher the temperature, the higher efficienc] 
may expect. When transforming, however, some fora 
energy differing from heat, into another form of energj 
mechanical into electrical energy, the heat produced n 
sents a waste of energy, and the lower the temperature; 
higher in general, other things being equal, would be the 
ciency. The efficiency of light production by the arc th 
not a function of the temperature, but the lowest tempers 
arc, the mercury arc, is one of the most efficient. 

The light given by the arc contains only a finite numb 
definite wave lengths, that is, gives a line spectrum: very 
lines in the ordinary mercury arc, many thousands in the 
nium arc. The color of the light is essentially characterisi 
the nature of the luminescent body. For instance, it is ^ 
in the titanium arc, as the lines of the titanium spectrun 
fairly uniformly distributed over the entire visible range, 
light of the calcium arc is orange yellow, as the spectrum lir 
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volts, is white and very brilliant, that is, has a spectrum with 
many lines about uniformly distributed over the visible range. 
We can greatly increase the temperature of the arc by using a 
high-frequency condenser discharge: in this case very large 
currents of very short duration exist as oscillations between the 
terminals, with periods of rest between the oscillations, very- 
long compared with the duration of the current. In this case 
the duration of the current is too short to feed a large volume 
of electrode vapor into the. arc stream, and as the current is 
very large; during the short moment of the discharge, the 
vapor between the. terminals is very greatly overheated. Oscil- 
lating condenser discharges thus offer a means of increasing the 
temperature of the arc stream very greatly beyond the boiling 
point of the material. When using a condenser discharge be- 
tween iron terminals, wo thus get an iron arc of very much 
higher temperature, and this arc, gives very little visible light, 
but a, very large amount of ultra-violet radiation. It is this 
arrangement which we have used in the, preceding to produce 
ultra-violet light by the so-called "ultra-violet iron arc." In 
the iron arc the average wave length of the radiation thus shifts 
with iiic.n'asing temperatures to shorter wave lengths, or higher 
frequencies, similar <-is in temperature radiation. 

The reverse is the ease with the mercury arc: the ordinary 
mercury arc in an evacuated glass tube, with ample condensing 
chamber, gives practically no red light; only a very powerful 
spe.etroscope can discover some very faint red lines. If now 
the. condensation of the mercury vapor is made insufficient, 
by obstructing ventilation, or greatly raising the current, or 
omitting (he condensing chamber in the construction of the 
lamp, and the mercury vapor pressure and thereby the tem- 
perature inc.reased, at least three red lines located about as 
shown in Kig. -12 become visible, in the mercury spectrum even 
in a low-power .speclroscope, 
and increase in intensity with 
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increasing vapor pressure. To nlu GHCEN 

show you this I use a I '-shaped -^ IG - 42 - 

mercury lamp constructed as shown half size in Fig. 43. I con- 
nect the lain]) into a 220-volt direct-current circuit, with an 
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start the arc by pouring some mercury over from one side to 
the other. Immediately after starting the lamp you see no red 
lines in the low-power spectroscope which I have here. As with 
the large current which I use 3 amperes the mercury vapor 
cannot freely condense, the mercury vapor pressure rises and 




FIG. 43. 

presses the mercury level down in the center tubes , up in 
the outside tubes, as indicated at & in Fig. 43, and thereby 
enables us to measure the mercury pressure. Gradually you 
see the three red lines appear, and increase in intensity, and 
when the vapor pressure has risen to about 5 cm., the three 
red lines are fairly bright, and numerous other red and orange 
mercury lines have appeared. At this pressure we are so close 
to the softening point of the glass that we cannot go further, 
but by operating the mercury arc in a quartz tube, vapor pres- 
sures of several atmospheres can be produced, and then the red 
lines are very much more intense, many more lines have be- 
come visible in the mercury spectrum, and the light is far less 
greenish than the low-temperature mercury arc, more nearly 
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terminals the same which I used in Fig. 34 for showing 
simultaneously the mercury arc and the Geissler discharge I 
connect terminals 3 and 4 to the high potential terminals of a 
step-up transformer, but shunt a small condenser C across 3 and 
4; you see, in the moment where I connect the condenser the 
previously existing green and striated Geissler discharge changes 
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Flo. 44. 



to a bright pinkish-red arc, and the spectroscope shows that the 
spectrum lines in (,h<! red and orange have greatly increased in 
number, and have increased in intensity beyond that of the 
lines in UK; green and blue, and the color of the light therefore 



current striated Geissler discharge, from 2 to 3, and the red high- 
voltage mercury arc, from 3 to 4. 

In the mercury arc, as result of the more rapid increase of 
intensity of the red lines, {1m color of the light thus changes 
with increase of temperature from bluish green at low tempera- 
ture to white to red at very high temperature, that is, the aver- 
age frequency decreases with increase of temperature, just the 
reverse from what is the ease, with temperature radiation. 

The change in the distribution of the power of radiation 
between the different sped rum lines, with change of tempera- 
ture, may increase the efficiency of light production if the 
lines in the visible range increase faster than in the ultra-red 
and ultra-violet or may decrease- if the visible lines in- 
crease slower -or may increase in some temperature range, 
decrease in some other temperature range, but all these changes 
are characteristic of the luminescent, material, and do not obey 
a general law. Thus in the mercury arc the efficiency of light 
production, with increase of temperature, rises to a maximum 
at about l. r >() deg. cent., (hen decreases to a minimum, and at still 
higher temperature increases to a second maximum, higher 
than the. iirst, one, possibly between (500 and NOO deg. cent., and 
then decreases again. 

52. Essentially, however, the efficiency of light production 
by the arc is a characlerisfic of the material of the arc stream, 
and thus substances whic.h give a large part of their radiation 
as spectrum lines in (lie visible range as calcium give a 
very efficient arc, while those substances whic.h radiate most of 
their energy as lines in the invisible, ultra-violet or ultra-red 

as carbon - give a very inefficient are. The problem of effieicii.it 

light, production by (he are therefore consists in selecting such 
materials which give most- of their radiation in the visible rango. 
Carbon, which was most generally used for are, terminals, is 
one of thi! most inefficient materials: the carbon arc gives very 
little light, and that, of a disagreeable violet color; it is practi- 
cally non-luminous, and the light given by the carbon arc lamp 
is essentially incandescent light, temperature radiation of the 
incandescent tip of the positive carbon. The fairly high effi- 
ciency of the carbon arc. lamp is due to (he very high tempera- 
ture of the black body radiator, which gives the light. 
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The materials which give the highest efficiencies of light 
production by their spectrum in the arc stream are mercury, 
calcium and titanium. 

As mercury vapor is very poisonous, the mercury arc has to 
be enclosed air-tight, and has been developed as a vacuum arc, 
enclosed by a glass or quartz tube. Its color is bluish green. 

Calcium gives an orange-yellow light of very high efficiency, 
and is used in most of the so-called "flame-carbon arcs," or 
"flame arcs." 

Titanium gives a white light of extremely high efficiency. 
.It is used in the so-called "luminous arc," as the magnetite arc 
in direct-current circuits, the titanium-carbide arc in alternating- 
current circuits. 

53. Two methods exist of feeding the light-giving material 
into the arc stream: 

(1) By electro-conduction, that is, .using the material as the 
vapor conductor which carries the current. In this case, it 
must be used as negative, as the vapor conductor is supplied 
from the negative; such arcs are called "luminous arcs." 

(2) By hunt evaporation; in this case, a very hot arc must be 
used, and thus usually n carbon an; is employed. As the posi- 
tive terminal is the hottest, the; material is mixed with the car- 
bon of the positive 1 , terminal, and as negative terminal either a 
plain carbon, or also an impregnated carbon used; such arcs 
are called "flame arcs." 

The method of heat evaporation is always used with calcium, 
since no stable conducting calcium compound is known which 
may be used as negative arc terminal. With titanium, usually 
electro-conduction is employed, that is, a titanium oxide-mag- 
netite mixture, or titanium metal, used as negative terminal, 
and any othor terminal, as coppor or carbon, as positive ter- 
minal. Titanium can also bo introduced by heat evaporation 

bv UsilliT a tiL'miimi-P./irbmi iniv/.m-n ,'i.s nnwif.ivn t,r>rminn.l nr no 
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such material as not to consume at all, and the trimming o! 
lamp thus minced to the replacing of one electrode only 
negative. The negative electrode also can be made so lar 
to remain fairly cold, and therefore consumes only at the 
slow rate required to supply the. arc vapor, but does not 
sume by combustion or heat evaporation. Thus its rate of 
sumption can be reduced to 1 mm. or less per hour (while 
open carbon arc of old consumes about 5 cm. of electrodes 
hour), and thereby even with a moderate size of electrode i 
of electrodes of 100 to 300 hr. or even much more secured, 
method of feeding thus lends itself very we'll to long-burning ; 
as they are almost; exclusively used for American street ligh 

By electro-conduction higher efficiencies can be reached 
by heat evaporation, as the arc vapor stream when produce- 
electro-conduction <-fiu be made to consist entirely of the v 
of the luminescent material, as when using metallic titaniu] 
negative terminal. 

A disadvantage of the method of feeding the arc by elei 
conduction is (he much greater limitation in the choic 
materials: the material must be an electric, conductor, whii 
stable in the air, and reasonably incombustible. In the me 
of feeding by heat evaporation any material can be usec 
it is mixed with carbon, and the conductivity is given by 
carbon. Thus, in (he titanium are,, either metallic titaniui 
titanium carbide or sub oxide must be used, but the most < 
mon titanium compound, TiO,, or rutile, is not directly suiti 
since it is a non-conductor. In the direct-current titanium 
the. so-called magnetite! arc, a solution of TiO,, or rutile, in i 
netite, Ke ,,<).,, which is conducting, is used, that is, a mixtu: 
rutile', with a considerable weight of magnetite. While i 
ne.tite also gives a luminous arc,, (he white, iron spectrurr 
the e.fficic.ncy of the- iron arc, is lowe>r than that of the titai 
arc, and the, e.flicieiu'.y of the. magnetite, arc. thus lower than 
of the pure, titanium arc., though much higher than that of 
carbon arc. 
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Still greater i.s the limitation for alternating current; in this 
case the material, in addition to its other qualifications, must 
have such a high boiling point as to maintain a steady alternat- 
ing arc, as discussed above. Of the titanium compounds only 
titanium carbide seems to fulfill this requirement; of the iron 
compounds, apparently none. 

54. The most serious disadvantage of the use of electro- 
conduction for feeding the are, however, has been UK; inherently 
greater unsteadiness of metal arcs compared with the carbon 
arc. It is this feature which has retarded the. development 
of true luminous arcs until recent years, that is, until means 
were found to produce steadiness by eliminating the flickering 
of the negative spot by the admixture of a more refractory 
material,- chnmiite in the. magnetite arc, and eliminating 
the unsteadiness due to the occasional momentary fading out 
of the luminous inner core of the arc. by the admixture of a very 
small amount of some more volatile material. 

The great advantage, of the method of feeding the luminescent 
material info the arc Ilame by Itcal rm/wm/w/;,, mainly from the 
positive, is the possibility of using carbon as arc, conductor, 
which gives the inherent steadiness of the carbon arc, and thus 
has led to the development of (his lype of high efficiency an;, 
the flame arc, before the development of (rue luminous arcs. 

A further advantage; is the possibility of using alternating 
current equally well and with (he same electrodes as used with 
direct currenl, as (he arc is a carbon arc and thus operative, on 
alternating current. 

Another advantage is (he great, choice of materials available, 
ninco practically any stable compound, whether conducting or 
not, can be used in Hie (lame carbon. Thus in the yellow-flame, 
arc, calcium fluoride, oxide and bo rates are used; in UK; tita- 
nium arc, the oxide (rulile) or (he carbide may be used. 

The most serious disadvantage of (he melhod of feeding by 
heat evaporation, which has so far excluded the. flame arc from 
general use for American street, illumination, is the rapid con- 
sumption nf the electrodes and their consequent short life. 
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excluding the air by enclosing the arc with an almost air-tig 
globe, as in the enclosed carbon arc, since the luminesce 
material leaves the arc as smoke;, and by depositing on t 
globe rapidly obstructs the light. The rate of consumption 
the electrodes thus is the same as in the open carbon arc, 3 
5 cm. (1 to 2 in.) per hour, and the flame-carbon arc even wi 
very great length of carbon thus lasts only one night, that 
requires daily trimming. To some extent this difficulty m 
be reduced by using the same air again, after passing it throu 
a smoke-depositing chamber in a so-called "circulating" 
"regenerative" flame lamp, but the efficiency is lowered, and 1 
lamp made more complicated. 

The mercury arc,, being enclosed in a glass tube, necessar 
must always be fed by electro-conduction from the ncgatr 
The calcium arc is always fed by heat evaporation from 1 
carbon positive, with a carbon negative, or from positive a 
negative, by using flame, carbons for both electrodes. 1 
titanium arc is usually fed by olcc'.fro-conductlon from the n 
ativc, but also by heat evaporation from tin; positive by usi 
a titanium-flame carbon. 

f), r ). As, by electro-luminescence, electric energy is conven 
more directly inl.o radiation, without heat as intermediary fo 
of energy, no theoretical limit can be seen to the possible e 
ciency of light, production by the arc,, and in the. mercury, c 
cium and titanium arcs, efficiencies have boon reached far beyo 
those possible with temperature radial ion. Thus, specific cc 
sumptions of 0.12") watt per mean spherical candle power are Cju 
common wilh powerful titanium, calcium or mercury arcs, a 
even much better values have been observed. It is therefore 
this direction that a radical advance in the efficiency of light p: 
duel inn appears most, probable. At present, the main disf 
vantage of light production by the arc. is the necessity of 
operating mechanism, an arc lamp, which requires some att( 
tioiij and thereby makes the arc a less convenient illuming 
than, for instance, the incandescent lamp, and especially t 



L UMINEtiCENCM. 127 

carbon arc, to produce by a flame arc, the same amount of light 
as given by a fiOO-watt carbon arc, requires very much more than 
one-tenth the. power. So far no way can be; seen of maintaining 
the efficiency of the arc down to sur.h small units of light as 
represented by the 10- or 20-candlc power incandescent lamp. 



LECTURE VII. 
FLAMES AS ILLUMINANTS. 

50. Two main classes of illuminants exist: those producing 
radiation by the conversion of the chemical energy of com- 
bustion the flames and those, deriving the energy of radia- 
tion from electric! energy the incandescent lamp and the arc 
lamp, and other less frequently used electric illuminants. 

Flames. 

To produce light from the chemical energy of combustion, 
almost exclusively hydrocarbon Jinnies are used, as the gas flame, 
the, candle, the. oil lamp, the gasolene and kerosene lamp, etc.; 
that is, compounds of hydrogen and carbon or of hydrogen, 
carbon and some oxygen are burned. The hydrogen, H, com- 
bines with the oxygen, (), of the air to water vapor, H 2 0, and the 
carbon, (, witli the oxygen of the air, to carbon dioxide, CO 2 ; 
or, if the air supply is insufficient, to carbon monoxide, CO, a 
very poisonous, combustible, odorless gas (coal gas), which 
thus appears in all incomplete, combustions and is present, also, 
as intermediary stage, in complete combustion. 

The mechanism of the light production by the hydrocarbon 
flame; 1 illustrate hen; on the luminous gas flame: where the gas 
issues from the burner into the air, if, burns at the surface of the 
gas jet. By the heat of combustion the. gits is raised to a high 
temperature. Most hydrocarbons, however, cannot stand high 
temperatures, but split up, dissociate into simpler hydro- 
carl ions very rich in hydrogen: methane, ('II.,, and in free carbon. 
The carbon particles formed by this dissociation of hydrocar- 
bon gas float in the burning gases, that is, in the flame, and are 
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in the flame in anjneandesccnt state, give the light, if by passing 
a cold porcelain or glass plate through the luminous flame, 
we suddenly cliill it and thereby preserve the carbon particles 
from combustion; they appear then on the plate as a carbon 
deposit, soot or lampblack. The light given by the. luminous 
hydrocarbon flame thus is due to black-body radiation, and the 
flame makes its own radiator, arid afterwards destroys it by 
combustion. 

To give a luminous flame, the hydrocarbon must be suffi- 
ciently rich in carbon to split off carbon at high temperatures. 
Thus methane, CII 4 , does not give aluminous flame, wince, it con- 
tains the smallest amount of carbon which can combine with 
hydrogen, and therefore does not deposit carbon at high tem- 
peratures. Kthylene, however, G 2 II 4 , which is the, foremost 
light giving constituent of illuminating gas, dissociates in the 
flame into C-IT 4 and (), and thus gives a luminous flame, UN half 
of its carbon is set free and gives the incandescent radiator. 

If, however, the hydrocarbon is very rich in carbon, (he 
amount of deposited carbon becomes so large, thai, (lie energy 
of combustion of the remaining hydrocarbon i,s not suflieienl In 
raise the carbon to very high temperatures, the luminoMty 
therefore again decreases, the flame becomes reddish yellow, 
and a large, amount of carbon ('scapes from the flame unron-- 
sinned, as smoke or soot, that is, the flame becomes smoky. 

To show you this, I pour some gasolene, and some ben/.ol in 
small glass dishes. The gasolene, having lij hydrogen alom;; 
per carbon atom, burns with a luminous llame jind very lillle 
smoke. The. benzol, having only one hydrogen a(,om per rarbon 
atom, burns with a reddish-yellow flame, pouring out m:u ; :;e,s 
of black smoke. 

The proportion between the hydrogen and carbon required 
to give, a luminous non-smoky flame., therefore can In-, varied 
only within narrow limits: too little carbon gives a less lumi- 
nous or non-luminous flame, too much carbon a smoky mMiNh 
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added in column a, juul (he percentage of carbon which is 
posited by dissociation, in column fo;* 6 thus may be called 
luminosity index of the hydrocarbon. 
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f>7. The proportion between carbon and hydrogen required 
give a luminous non-smoky flame somewhat depends on 
si/e of the flame, and, with a larger size, a higher proportioi 
hydrogen is required to avoid smoke than with a smaller flai 
as in the latter, due to the larger surface compared with 
volume, (he combustion is more rapid. I show you this on 
gas flame: admit, ting a little, gas, I get a small flame, which d 
not smoke, but if I open the stop-cock wide I get a large 2 
smoky flame. 
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,4 and somewhat less than three hydrogen atoms per 
mi. Ethane, (VH , with a ~ 3, still gives aluminous 

of somewhat, lower luminosity, and, on the other 
isolene flame, a = 2.33, is slightly smoky. However, 
tiall ilames in which the surface is larger compared 
routine, and the combustion thus very rapid, higher 
s of carbon can be used without smoke. Thus the 
lie parafline candle a -- 2. OS is still smokeless but 
unoke if it gels large, and in extremely small flames, 
ss diameter, even acetylene, a 1, gives smokeless 
:i. 

of the rapidity of combustion by increasing the. sur- 
i flame by using a Hat or hollow cylindrical burner, 
dug the air supply by artificial draft, as by a chimney, 
eless (lames even up to l> ~ 0.50, or one carbon atom 
rocarbon atoms, a ~ 2. 

I'osene, which, due to ils high carbon content a- -2.1^, 
.dly, except in very small (lames, is burned smoke- 
nips willi chimneys and Mat or hollow round burners, 
;ives a high light intensity: with the rapid air supply 
rge surface of the thin (lame, the combustion is very 
irt of (he free: carbon is immediately consumed, the 
re is high, and (bus the free carbon heated sufficiently 
insidcrable light, and to consume completely when 
. llanic. With a hydrocarbon still richer in carbon, 
ue or bciixnl n. I, artificial draft and large (lame. 
1 no longer suHicicnt to give smokelessness, and the 
of hydrocarbons which can be burned with lumi- 
'S and wilhouf- smoke thus is between from three to 
gen atoms per carbon alom. 

irbons which are too rich in carbon to be burned 
y, as iicelylene or ben/.ol, obviously can be burned 
ikeless luminous (lame by mixing them in the proper 
swilh hydrocarbons delicienl in c.arbon, whic.h latter 
Ives would give a non-luminous or nearly non-luini- 
i . Thus a mixlure of one volume of acetylene, (UI.,, 
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in carbon, are used for enriching poor gas, that is, makin 
more luminous: ga,s which gives little free carbon, as water- 
(which is rich in II and CO both giving non-luminous flam 
and which therefore would give a non-luminous or only sligl 
luminous flame, thus is improved in its light-giving qua 
by admixture of acetylene, etc. 

5S. If the hydrocarbon contains oxygen, as alcohol C I 
etc., the presence of oxygen atoms reduces the luminosity 
the tendency to smoke, by taking care of a corresponding IT 
ber of carbon atoms: the most stable compound is CO 
water vapor, II,O, as well as carbon dioxide, CO.,, are redu 
by carbon at high temperature witli the formation of car 
monoxide, TO. During the dissociation of the hydrocarbon 
the flame, each oxygen atom takes up one carbon atom, fo 
ing CO, which burns with a non-luminous flame. In appr 
mately estimating the luminosity or the tendency to smoke 
hydrocarbon containing oxygen, for each oxygon atom one 
bon atom is to lie subtracted. To illustrate this I pour si 
aldehyde, (VH.,0, and some arnyl acetate, (VII,<O 2 , in small g 
dishes and ignite them. In both the ratio of hydrogen to 
bon atom is a 12, corresponding to a luminous but sm 
flame. You sec, however, (hat the aldehyde burns with a 
feclly non-luminous (lame: we have to put, out, the light to 
it; while the amyl acetate burns with a luminous, non-sm 
flame. Applying above reasoning, the oxygen accounts for 
carbon atom in the aldehyde: CJf.,0 CO ~l- Oil,,, and in C 
a !, corresponding to a non-luminous flame, as observed, 
amyl acetate, the two oxygen atoms take; up two carbon ate 
(yii H O., 2 CO -I- C,n H , ;md the mi in of hydrogen to car 
atoms is (i 2.S, or It HO, corresponding to a luminous i 
smoky (lame, as observed. 

The same effect as given by oxygen contained in the hyi 
carbon molecule obviously is obtained by mixing oxyger 
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all the carbon as CO, which would deposit otherwise and give 
the incandescent radiator, but it is far below the amount required 
for complete combustion, and, by still further increasing the air 
supply; you see the rapidity of combustion still further increase, 
as shown by the decreasing size of the flame. With increasing 
air supply, the size of the flame very greatly decreases, and, as 
the same total heat is produced by the combustion, this means 
that the heat is concentrated in a smaller volume, that is, the 
temperature of the flame is increased, in other words, the non- 
luminous bunsen flame is of higher temperature than the lumi- 
nous gas flame. 

Hydrocarbons which are too rich in carbon to burn without 
smoke, as acetylene, can be burned with a smokeless flame by 
mixing them with oxygen or with air. Acetylene is always 
burned in this manner, and all acetylene-gas burners are con- 
structed so OK to take in air with the acetylene gas before com- 
bustion, that is, are small bunsen. burners or similar thereto. 
Since the temperature of the, bunsen flame, due to the more 
rapid combustion resulting from the mixture with air, is higher 
than that of tho ordinary gas flame, and in the acetylene flame 
in the acetylene air mixture! a large part of the carbon is also 
immediately burned, tho temperature of the acetylene flame is 
very high, and tho deposited oarbon therefore raised to a very 
high temperature, much higher than in the ordinary gas flame, 
and, as tho result of tho, higher temperature, the black-body 
radiation of tho, froo carbon in tho acetylene flame is far more 
efficient, and of muc.li whiter color than in the ordinary gas flame. 

Thus tho hydrocarbons which are very rich in carbon, as 
acetylo.no, benzol, naphthalene, etc., if burned smokelessly by 
mixture with air, givo whitor and more efficient flames, due 
to thoir highor tomporaturo. Especially is this the case with 
acetylono, as tho onorgy of combustion of acetylene is higher 
than that of other hydrocarbons of the same relative propor- 
tions of hydrogen and carbon: acetylene being endothermic, 
that is, requiring enorgy for its formation from the elements. 
M.M flixmisisjpfl in I ,<>H.nrn VT. (Vhp.mip.fl.l 
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to the light production, since the spectra of hydrogen anc 
carbon (or (\) ;intl Cllj arc practically non-luminous, 
luminescence tif the hydrocarbon flame therefore can be obsei 
(inly with Ihnsr hydrocarbons which are Hiiflieiently poor in 
lion as not to deposit free t-arbon, as methane, alcohol, etc 
in which, by the admixture of air, the; deposition of free cai 
and thereby the formation of an incandescent radiatoi 
avoided, us in the bunsen llame. In this ease, the blue cole 
(he. chemical luminescence of carbon-dame gases is seen 
iioit-lnniinous hydrocarbon dames are blue. 

(SO. While light, and radiation in general, can also be 
duced by the combustion of other materials besides hydrocart 
industrially other materials are very lit tie used. 

Burning magnesium gives a luminous llama of extrei 
high brilliancy and whiteness. Its light is largely due to 
peralure radiation, and the dame makes its own incandes 
radiator; but unlike the hydrocarbon flame, in which the radi 
is again destroyed by combustion, the incandescent radiate 
the magnesium llame is the product of combustion, magn 
MgO, and escapes from the llame as white smoke. While, 1 
ever, in the hydrocarbon Hanic the incandescent radiator 
black body. -carbon, -giving the normal temperature radia 
the radiator of the magnesium flame, magnesia, is a col 
radiator, and its radiation is deficient in intensity in the u 
red, and very high in the visible range, and thereby of a n 
higher efficiency than given by black-body radiation, 
magnesium dame therefore is far more efficient than the hy 
carbon llame, and its light whiter. 

So also burning aluminum, xine, phosphorus, etc., giv< 
minotis flames containing incandescent radiators produce 
the. combustion: alumina, /inc. oxide, etc. 

U ,.;, 1 ,,,..,,, (I,,. (,,.v,, .,,!.<> f it iv i t.ii.1 i-if \i\i\ i\f 1.1 10 IT 
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Obviously, where during the combustion no solid body is 
formed, the light given by the flame is entirely chemical lumi- 
nescence. Thus burning sulphur gives a blue flame, and, if 
the temperature of combustion is "increased by burning the 
sulphur in oxygen, it gives a fairly intense light, of violet color, 
and. a radiation which is very intense in the ultra-violet. Thus 
before development of the ultra-violet electric arcs, as the iron 
arc, for the production of ultra-violet radiation lamps were used, 
burning carbon bisulphide, CS 2 , in oxygen. Carbon bisulphide, 
has the advantage over sulphur that, as liquid, it can easier be 
handled in a lamp, and especially the combustion of carbon 
(without adding much to the, light, due to the non-luminous 
character of the carbon spectrum) greatly increases the flame 
temperature., and thereby the intensity of the radiation. 

Flam ex with, Separate Radiator. 

61. The hydrocarbons are the only sources of chemical 
energy which by their cheapness are, available for general use 
in light production. Carbon, however, is a black-body radiator, 
and its efficiency of light production therefore very low, es- 
pecially a(, the, relatively low temperature of the luminous 
hydrocarbon (lame, and such flames are, therefore, low in 
efficiency of light, production, with the, exception of the acety- 
lene (lame and other similar flames. 

Separating the conversion into light from the heat production; 
that is, using the hydrocarbon flame merely for producing heat, 
and using a separate radiator for converting the heat into light, 
offers the great advantage 

(1) That a colored body can be used as radiator, and thereby 
a higher efficiency of light production, at the same temperature, 
secured, by selecting a body deficient in invisible and thereby 
useless radiation. 
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The first use of external radiators probably \v;is the 
lime cylinder in a hydro-oxygen flame, in the so-call 
li^ht," for producing very lar^e units of li^ht in the da 
the electric arc was generally available. 

In the last quarter of a century (he external rad 
come into extended use in the YYelsbach mantle; th 
carbon is burned in a bun>en burner, that is, mixed \vi 
us (o #et a non-luminous flame of the highest tempera 
in this flame is immersed a cone-shaped web of a hi, 
cient colnred radiator: thona with a small percentage 
etc.., the so-called "mantle." The higher temperalu 
bined with (he deficiency of radiation in the invisible r 
hibited by this colored radiator, results in an eflicienr 
production several times as hi.Lrh as thai of the lunii 
flame. The distribution of intensity in the speclrm 
Welsbac.h mantle obviously is not (hat of black-body i 
l>ul differs therefrom slightly, and the radiation is s 
more intense in the greenish yellow, that is, (he lijf 
.slightly greenish-yellow hue. 

The \Velsbach mantle is very interesting as represe; 
only very extensive industrial application of colored ra 
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Volt-Ampere Characteristics of the Arc. 

62. The voltage consumed by an arc ; at constant current 
increases with increase of are length., and very closely propor 
tional thereto. Plotting the arc voltage, ' e, as function of th 
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f The first use of external radiators probably was th 

\ t Hint' cylinder in a hydro-oxygon (lame, in the so-ca] 

| light, 1 ' for producing very largo units of light in the cl 

1 the electric arc was generally available. 

,' In tlie last quarter of a century the external rat 

eoine into extended use in the, Welsbach mantle; t 
( , cai'bnn is burned in a bunsen burner, that is, mixed ^ 

as to get a non-luminous flame of the highest temper, 

in this flame is immersed a cone-shaped web of a h 
f > eient colored radiator: thoria with a small percentag 

,| etc., the so-called "mantle." The higher temperat 

,,' bined with the deficiency of radiation in the invisible 

\ hibited by this colored radiator, results in an cfficien 

'; production several times as high as that of the lun 

1] flame. The distribution of intensity in the spectri 

! . \Velsbac.h mantle obviously is not that of black-body 

bu( differs therefrom slightly, and the radiation is 

, more intense in the greenish yellow, that is, the li 

1 slightly greenish-yellow hue. 

The \Yelsbach mantle is very interesting as repres 

only very extensive industrial application of colored i 
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ARC LAMPS AND ARC LIGHTING. 

\ r <)lt~A>ni>c:rc dhunirtLrixlics of llic Arc. 

62. The voltaic consumed by an arc-,, at constant current, 
increases \vilh increase of arc. length, and very closely propor- 
tional tlieri'lo. PldUin^; tlie arc, voltu^e, c, as function of the 

soo I I I I I I I I I 1 -7~ 




fur smaller run-cuts, that is, lo\v-(uirront arcs consume s 
voltage fur tin- same, length than high-current arcs, 
crease being greater the longer the arc. These lines in 
intcr.-eri in a point which lies at / --0.125 cm. = i 
anil i- ;><> volts: that is, the. voltage, consumed by 
consists of a part, <\ t ,'i() (fur the? magnetite arc), which 




sl:ml, IliMl is, independent of the arc. length and of 
ivtil, in die air, lull (lilTereni for different material 
purl,* 1 ,, svhich i?- proportional to the arc. length, /, or : 
(lie arc. length plus a small quantity, /, ' 0.11*5 (forth 
tile, arc): r, /r,'/ ! 0.1125), and depends upon the 
being the larger the smaller the current. 

Plotting the arc voltage, c, as function of the currc 
.*..4 ..,,,.,... ,,.i,;,.ii ;TI/.I>I,.IWII n-i/li iliiffp-i^r' of ciirrtuit. the 
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magnetite arc, for I = 0.3, 1.25, 2.5, 3.75cm. = 0.125, 0.5, 1 and 
1.5 in. Subtracting from the voltage, e, in Fig. 46, the con- 
stant part, e = 30 volts, which apparently represents the 
terminal drop of voltage, that is, the voltage which supplies 
the energy used in producing the conducting vapor stream 
at the negative, and the heat at the positive terminal, leaves 
the voltage, e^ e - c , as the voltage consumed in the arc 
stream. 

The curves of arc-stream voltage, c 1} as function of the current, 
i } in Fig. 4(1, can with good approximation be expressed by 

k 

cubic hyperbolas: c*i ~ AV; or, e t =*}. ; and since we find for 

Vi 

constant value of current: ^ - /^ (I + 0.12), as function of 
arc length and current, i, the voltage of the arc stream is ex- 
pressed by: , f , n 

^-.^-4i, (1 

V't 

and the total an; voltage by: 

/.: (/ -I- /,) 
<^-=o-| ,:- (2) 

Vv, 

where <, k and / t are. constants of Mie terminal material (k, how- 
ever, varies with the, gas pressure in the space in which the arc 
exists). 

This equation (2) represents the arc characteristics with 
good approximation, except for long low-current arcs, which 
usually require a higher voltage than calculated, as might be 
expected from the unsteady nature of such long thin arcs. 

The equation (2) can be derived from theoretical reasoning 
as follows: Assuming the amount of arc vapor, that is, the 
volume of the conducting vapor stream, as proportional to the 
current, and the heat produced at the positive terminal also as 
proportional lo the current, the power /; () required to produce 
the vapor stream and the healing of the positive terminal is 



arc 
arc 
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face of the arc stream, and thus, as I lie temperature; of the 
stream is constant, and is that of the boiling point, of the 
vapor, the power />, consumed in the arc. stream is proportional 
to its surface, that is, to the product of arc diameter l d and arc 
length /, or rather the arc length / increased by a small quantity 
/ which allows for the heal carried away to the; electrodes. As 
the diameter /,/ is proportional to the square root of the section 
of the arc stream, and the section of the arc, stream, or the 
volume of the arc vapor, was assumed as proportional to the 
current, ?', the arc diameter is proportional to the. square root 
of the current, ami the power /, consumed in the arc stream thus 
is proportional to the square root of the current, /, and to 

tlmtis ' /,, k v /(/-(. /,); 

and since y>, <y, 



which is equation (1), and herefroin, since c c tl -|- r p follows 
equation ('2). 

(>M. Since <- represents the power consumed in producing the 
vapor stream and the healing of the positive terminal, and k 
the power dissipated from the arc sin-am. < and k are different 
for different mall-rials, and in gi-neral higher for materials of 
higher boiling point, and (bus higher arc temperatures. It is, 
approximately, 

< 1M volls for mercury, 

111 volts for xinc and cadinium, 
Ml) volts for magnetite, 
Mil volts for carbon, 
/, -IS.") for magnetite d'JM in inch measure) 
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ting, in Fig. 47, the voltage, e, consumed by a carbon arc, at 
constant values of current i, as function of the arc length I, 
as done for the magnetite arc in Fig. 45, when using only the 
observations for arc length of 0.25 in. and over, we get fairly 
satisfactory straight lines, which intersect at the point, giving 
e o = 36 volts, but Z x = - 0.8 cm. = - 0.33 in. ; that is, a 
value much greater than for any other arc. For short arc 




FIG. 47. 

lengths, however, the observed values of voltage drop below 
the straight line, as shown in Fig. 47, and converge towards a 
point, at zero arc length, or <\' 2S volts. This looks as if, of 
the potontial drop of e 3(5 volts of the carbon arc, only a 
part, e ' = 28 volts, occurs at the surface of the terminals, and 
the remaining part, e " ~ 8 volts, occurs in the space within 
a short distance from the terminal surface. If then the arc 



while the voltage e " = 8 is consumed by the moving va- 
stream in penetrating a layer of dead carbon vapor formed 
heat evaporation from the positive terminal, and surround 
this terminal. 

Stability Curves of the Arc. 

64. From the volt-ampere characteristic of the arc, as r 
resented by equation (2) and reproduced in Fig. 48 as Curv< 
for a magnetite arc of 1.8 cm. (about 0.75 in.) length, it foll< 
that the arc is unstable on constant potential supply, as 
voltage consumed by the arc decreases with increase of curr 
and, inversely, a momentary increase of current decreases 
consumed voltage, and, on constant voltage supply, theri 
increases the current, still further decreases the arc volt 
and increases the current, and the arc thus short circuits; c 
momentary decrease of current increases the required volt 
and, at constant supply voltage, continues to decrease the c 
rent and thus increase still further the required voltage, tha H 
the arc goes out. 

On constant voltage supply only such apparatus can opei 
under stable conditions in which an increase of current requ 
an increase, and a decrease of current a decrease of volt* 
and thus checks itself. 

Inserting in series with the arc, curve I, in Fig. 48, a const 
resistance of 10 ohms, the voltage consumed by this resistai 
e = ir, is proportional to the current, and given by the strai 
line II. Adding this voltage to the arc voltage curve I, gi 
the total voltage consumed by the arc and its series resista] 
as curve III. In curve III, the voltage decreases with inert 
of current, for values of current below i = 2.9 amperes, and 
arc thus is unstable for these low currents, while for valuei 
current larger than i = 2.9 amperes, the voltage increases \ 
increase of current. The point i = 2.9 amperes thus separj 
the unstable lower part of the curve III from the stable uf 
part. With a series resistance of r = 10 ohms, a 1.8-cm. n 
netite arc thus requires at least e = 117 volts supply volt; 
and i = 2.9 amperes for steady operation. With a la: 
series resistance, as r = 20 ohms, represented by curve II' 
III 7 , a larger supplv voltage is required, but smaller currents 



but a lower supply voltage is sumcient. 

When attempting to operate an arc close to the stability limit, 
i ol where a small variation of voltage causes a large variation of 
current, the operation of the arc is unsatisfactory, that is, the 




current drifts; small variations of the resistance of the arc 
stream, and thereby of the voltage consumed by the arc, cause 
excessive fluctuations of the current. These pulsations of cur- 
rent can be essentially reduced by using a large inductance 
in series with the arc, and an arc can be operated very much 
closer to its stability limit if its series resistance is constructed 
highly inductive, that is, wound on an iron core. Obviously, 
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no series inductance can extend stable operation beyond the 
stability point /. 

At the stability limit /, the resultant characteristic III in 
Fig. 4.S is horizontal, that is, the slope of the resistance curve 

( ,f 

II, r - -. > is equal but opposite to the slope of the arc char- 
acteristic I, ~r. : that is, at the stability limit, 
at 

dc. 

; /7 i < 0; (4) 

and, substituting equation rJ) in (4), gives 
A- (/ ! M . 



or, 



and the total voltage consumed by the are of current i and 
le.ngfh / and such a series resistance r as just to reach stability is 

A 1 r i /r, 

A- i/ I /,) . h(l ! /,) t 

\ / L! \ ' i 

that, is, 

/,'. . - . - AM/ { M- 



(5) 
\ / 



K 



This curve is called (he stability curve of (he arc. It is shown 
as IV in Fig. 4S. It is of (he same form a:- (he arc charaet eristic, 
I, and derived therefrom by adding .">() per cent of the voltage 
consumed in the arc xlrruin. 

i. r/. vi.i iiiitMinr WM ,-..](. ,,(' ,i-t,;,.l, ., 
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The stability limit, on constant potential, thus lies at an ex- 
cess of the supply voltage over the arc voltage by 50 per cent of 
the voltage, e v consumed in the arc, stream. In general, to get 
reasonable steadiness of the current, and absence of drifting, a 
supply voltage is used which exceeds the arc voltage by from 
75 per cent to 100 per cent or more of the voltage, c v of the arc 
stream. 

05. The preceding consideration applies only to those arcs 
in which the gas pressure; in the space surrounding the arc, arid 
thereby the arc vapor pressure and temperature, are constant 
and independent of the current, as is the case with arcs in air 
(even "enclosed" arcs, as the enclosure cannot be absolutely air- 
tight), as it is based on the assumption that the section of the, 
vapor stream is proportional to the* current. With arcs in 
which the vapor pressure and temperature vary with the, current, 
as with vacuum arcs, as the mercury arc, tin; reasoning has to be 
correspondingly modified. Thus in the mercury arc in a glass 
tube, if the current is sufficiently large to fill the en tin; tube, and 
not so large that condensation of the mercury vapor cannot 
freely occur in the condensing chamber, the power p l dissi- 
pated by radiation, etc.., may be assumed as proportional to the 
length I of the. tube, and to the current i\ 

/', - : <V : M'. (7) 

this gives <>, /,/, or independent, of the current; and 

< ; ",, "I <',. 
= < -I- A-/; (K) 

that is, the voltage consumed by a mercury arc, within a cer- 
tain range of current, is constant and independent, of the cur- 
rent, and consists of a constant part., (he terminal drop <> w and 
a part which is proportional to the length and to the diameter 
of the tube.. 
Approximately it is for the mercury arc, in a vacuum: 

/ 1JJ volls; h 
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increase of resistance at low current, duo to the arc stream m 
completely filling the vapor lube, gives for the vacuum arc tl 
approximate equation : 



where 

Zj = diameter of arc. tube, cm., 
I = length of arc, cm., 
i = current. 
For the mercury arc, it is: 

e - 13 volts, 

a = l.OS, 

b 0.29 for mercury anode, 

- 0.107 for gnipliilc or metal anode, 

c. - 0.52. 

Arc /,('//<//// anil Kjlicit'iici/. 

(if). The arc, most frequently employed for illumination 
the plain carbon are. In this I he arc. iiame or the vapor stre; 
gives no useful light, but (he light is given by the blaek-boi 
radiation of the incandescent carbon terminal, mainly t 
positive terminal, which is hot lest , and is given at high edic.ien 
due to the very high temperature of the radiator. The. lijj 
of the carbon arc thus is incandescent light, and not luniiiii 
ccnco. In the alternating carbon arc, alternately, the. two t 
ininals are positive and negative, and, as relatively little heat 
produced at the negative terminal, the average temperature 
the carbon terminals of an alternating arc. is lower, and t 
efficiency of light, production (hen-fore less. Thus, while din- 
current carbon arcs reach etliciencies corresponding to spec! 
consumptions of from I to I. Awaits per mean spherical cam 
power, alternating carbon ares .-Oiow only from 2.5 to .'} wa 
per candle power, or even still higher specific, c.onsumptii 
Thus, the only excuse for (he use of the alternating carbon : 
is the much greater simplicitv and convenience of the elect 



largely disappeared. 

In the direct-current carbon arc, the light comes mainly from 
the positive terminal; in the alternating carbon arc equally 
from both terminals, and the distribution curve of the light 
thus is different. 

Since in the carbon arc no useful light comes from the arc 
flame, the voltage and therefore the power consumed in the 
arc flame is wasted, and in general, therefore, the efficiency of 
light production of the carbon arc is the higher the shorter the 
arc. Thus comparing in Fig. 49 a 1-in. carbon arc A with a 




0.5-in. carbon arc B, the former requires, at 5 amperes, 112 
volts and 5(>0 watts, the, latter only 84 volts and 420 watts, 
but radiates the same amount of light from the incandescent 
tip of the positive carbon. As the 1-in. arc requires 33 per 
cent more power, and only produces the same amount of light, 
it is less efficient than the latter. Thus, the shorter we make 
the arc and the less power we therefore consume in it the more 
efficient seems the light production, as we produce the same 
amount of light radiation from the positive terminal in either 
case. When we come to short arc lengths, however, while the 
same amount of light is produced at the positive terminal, we 
do not get the same amount of light from the lamp, as an 
increasing part of the light is intercepted by the negative ter- 
minal Thus with the 1-in. arc, A, in Fig. 49, the light escapes 
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freely from tin- incandescent positive only in (he space above 
the lines m, while al ///''the shadow of (he negative terminal 
begins to obstruct the light more and more, and does so com- 
pletely vertically below (he arc. In the ().f>-in. arc, B the area 
covered by the shadow of the negative terminals is somewhat 
increased, but in both arcs ,1 and /> the obstruction of the 
light by the .-hadow of the negative is si ill so small that the 
saving in power far more than makes up for it. In the 0.1 l Jf)-in. 
arc., however, ( ' in Fiji. HI, the shadow of the negative ter- 
minal /// has crept up greatly, and thus, when decreasing the 
arc. length, a point is reached where (he increasing shadow 
of the negative terminal reduces the light, more than the de- 
creasing arc. length reduces the power supply. Maximum 
elliciency "f lighl production thus i< reached in (he carbon arc 
at a certain definite arc length -which depends on the size of 
the. electrodes and on the curretiM, at which (he change of 
power consumption just balance;- the change of radiated light, 
which results from a change of arc length and thereby of 
shadow of negative terminal. 

With the hi jj;h -current :'.( (o 10 amperes i open arcs, the maxi- 
mum efficiency point is al about J-in. are length, giving a 
voltage consumption of about }."> to ."id volts. Such arcs require 
daily (rimming, and therefore are no longer used in American 
cities, except in a few j daces. 

The open or short-burning arc ha- been practically entirely 
superseded by the enclosed or long-burning arc lamp, in which 
the arc is enclosed by an almost air-lii'ht globe, the combustion 
of carbon is greatly decreased, and the life nf I he carbons thus 
inc.reased about tenfold. 

In (he open arc of large current, the carbon terminals burn 
off into a rounded >hape. but in the enclosed arc, the current 
being less and combu.-lion greatly reduced, the carbon terminals 
burn off to more Hal shape, and thus obstruct the light, more; 
and, furthermore, since at the lo\\er current the si/o of the 
incandescent spot of (he positive terminal is less, the maximum 
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arc, as the magnetite arc. In this, the light is given by the 
vapor stream, and riot by the terminals, and the., voltage e 
and power consumed by the terminal drop thus is'%asted, and 
the voltage e l and power p l consumed by the.,-a : Ffi^ream is 
useful for light production. The greater, the^j^Jj^joltage 
e l of the arc stream is, compared with the 
other words the longer the arc, the 
light production. Thus a 4-arnpC\fea 
length requires 41 volts, 




or in 
ncy of 
125-in. 




volts; that is, only 56 

gives about four 

or 48 per 

the light, 

arc, wit^^i fe same current, 

ever, at the same currc^ 




ite ar<f -of.* 
p. 

, but 

uires 95 volts 
re, and gives twice 
the arc length of the luminous 
^ligher is the efficiency. How- 
onger the arc, the greater is the 

power consumption.^^ri^Iie design of the arc lamp the power 
consumption is given, arid the problem is to select the most 
efficient arc length for a given and constant power consumption. 
As an increase of arc length increases the arc voltage for the 
same power consumption, the current has to be decreased, and 
the efficiency of the arc conductor decreases with decrease of 
current. Thus, with increasing arc, length at constant power 
consumption in the luminous arc, a point is reached where the 
decrease of current required by the increase of arc length and 
thus arc voltage decreases the efficiency more than the increase 
of arc length increases it. Thus with the luminous arc, for 
a given power consumption, a definite arc length exists, which 
gives maximum efficiency. 

Assuming the light given by the arc; to be proportional to the 
arc length and the current in the arc, 

L - k'li, (9) 



if the power p shall be consumed in the arc, it is 

ei = p; 
however, by (2), 



(10) 
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From (10) and (11) follows: 



and, substituting this in (9), gives; 

k' _ 

-{/A-'i - v' v O, (13) 

and the maximum amount of light produced by power p is 
given by: ,//, 

'(// ' 
This gives 

' :/,- : M 

" ' 

hence, by (13): ,, ,, /~ 

L V^'LV/ (15) 

and lierefrom, by (12) and (11), (lie values of (he. arc length I 
and the arc. voltage c. 

Assuming /; Jit 10 walls, and the constants of the, magnetite 
arc: < :i(), Ic -IS."), gives: 

/ J.M amperes, 
r 90 volts, 
/ 2.21 cm. O.SSf) in. 

Near the maximum eflicicncy, where the efliciency c.nrvt^ is 
horizontal, the elliciency docs not vary much for moderate 
changes of current and of arc length. Thus, in above, instance, 
practically the same efliciency is reached for currents from 3 
amperes io -1 amperes. 

Larger currents and shorter arc lengths, however, an; pref- 
erable in an arc lamp. 

(1) Because the shorter and thicker arc is less affected by 
minor air currents, etc., than (lie ihin long are, hence, is steadier. 

(2) The shorter arc gives lower voltage, and this, in constant- 
current arc, lighting, permits with the same total circuit voltage 
the use. of more arc, lamps in series. 



In general, obviously the maximum efficiency points of lumi- 
nous arcs occur at much greater arc lengths than in the plain 
carbon arc. 

Since the lower efficiency of the alternating carbon arc is due 
to the lower temperature of the terminals, which are heated 
during one half-wave only, and in the luminous arc the tem- 
perature of the terminals does not determine the light pro- 
duction, but the light is produced by the vapor stream, no 
essential difference exists in the efficiency of a luminous arc, 
and practically no difference in the efficiency of the flame- 
carbon arc, whether operated on alternating or on direct current; 
that is, the alternating luminous or flame-carbon arc, with the 
same luminescent material, has the same efficiency as the direct- 
current luminous or flame-carbon arc, but the alternating plain 
carbon arc is much less efficient than the direct-current carbon 
arc. 

Arc Lamps. 

68. The apparatus designed for the industrial production of 
light by arc conduction, or the arc lamp, in general comprises 
four elements : 

(1) The current-limiting or -steadying device. 

(2) The starting device. 

(3) The feeding device. 

(4) The shunt protective device. 

(1) From the volt-ampere characteristic of the arc as given 
by equation (2) and curves, Fig. :!(>, it follows that an arc can- 
not be operated directly on constant voltage supply, but in 
series thereto a steadying device must be inserted; that is, a 
device in which the voltage, incroa,sos with the current so that 
the total voltage consumed by the arc and the steadying device 
increases with increase of current, and pulsations of current 
thus limit themselves. 

All arc lamps for use on constant voltage supply thus contain 
a sufficiently high steadying resistance, or, in alternating-current 
circuits, a steadying reactance. 

Arc lamps for use on constant-current circuits, that is, cir- 
cuits in which the current is kept constant by the source of 
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Where; several lamps arc operated in series on constant poten- 
tial mains, as two flame-carbon arcs in series in a 110-volt cir- 
cuit, or five enclosed arc lamps in a 5/50-volt railway circuit, 
either each lamp may have; its own steadying resistance or a 
single steadying resistance or reactance of sufficient size' may 
be used for all lamps which are in series on the constant poten- 
tial mains. 

(2) Since the arc does not start itself, but has to be started 
by forming the conducting vapor bridge between the terminals, 
all arc, lamps must have a starting device. This consists of a 
mechanism which brings the terminals into contact with, each 
other and then separates them, and hereby forms the vapor 
conductor, that is, starts (he an;. 

(3) As the arc, terminals consume very rapidly in some arcs, 
as the open carbon arc,, and very slowly in others, as the 
enclosed carbon arcs or the luminous arcs, some mechanism 
must be provided which moves the. terminals towards each 
other at the rate at. which (hey are consumed, and thereby main- 
tains constant arc length and thus constant voltage and power 
consumption. 

With arcs in which the electrodes consume very slowly, as 
the, magnetite arc,, the feeding may occur only at. long intervals, 
every quarter or half hour, or even less frequently, while in arcs 
with rapidly consuming electrodes, as the, flame ares, practically 
continuous feeding is required. 

(4) The: circuit between the arc. electrodes may accidentally 
open, as by a breakage of one electrode, or by the consumption 
of the electrodes if (he lamp-trimmer has forgotten to replace 
them, or one of the electrodes may slick and fail to feed, and 
the arc thus indefinitely lengthen. In such cases, cither the 
entire circuit would open, and thus all the lamps in series ii: 
this circuit go out,, or, if the circuit, voltage is sufficiently hi^h 
as in a constant-current series system, the arc lamp would lx 
consumed and the circuit damaged by a destructive arc. Thus- 
a device is nceessarv which closes a shunt circuit, between the 



others go out also, the shunt protective device may also be 
omitted, except if the circuit voltage is so high that it may 
damage the inoperative lamp, as is the case with 550 volts. 

When operating a number of lamps in series on constant 
potential supply, as two iiamo lamps on 110 volts, the shunt 
circuit, which is closed in case of the failure of one lamp to 
operate, must have such a resistance, or reactance with alter- 
nating currents, that the remaining lamp still receives its 
proper voltage, even if the other lamp fails and its shunt circuit 
closes. With alternating-current lamps, this does not require a 
reactance of such size that the potential difference across the 
reactance equals that across the, lamp, which it replaces, but 
the reactance must bo larger; that is, give a higher potential 
difference at its terminals, than the lamp which it replaces, to 
leave the normal operating voltage for the remaining lamp, 
since the voltage, consumed by the reactance is out of phase 
with the voltage, consumed by the. lamp. 

69. For illustration, the operating; mechanism of a constant 
direct-current arc lamp is shown diagrammatically in Fig. 50: 

The lower electrode A. is hold in fixed position. The upper 
electrode B slides loose in a holder C, and thus, if there is no 
current through the lamp, drops down, into contact with the 
lower carbon, as shown in Fig. ,10. When there is a current 
through the arc, circuit, its piilh is from terminal 1 through 
electromagnet />', holder (, upper electrode B, lower electrode A 
to terminal 2. The electromagnet, *S f is designed so as to give a 
long stroke. When energized by (,lio current, it pulls up its 
armature, the lover 1)1)', which is pivoted at E. Through the 
rod F, the lover 1) pulls up the. clutch (7. This clutch and its 
operation are shown in larger scale in Fig. 51, a and fr; it con- 
sists of a metal piece (V, which has a hole somewhat larger than 
the upper electrode B. This oleel.rodc slides freely through the 
hole, if the clutch (j is in hori/onlal position, as shown in Fig. 51a. 
When the rod F pulls the. clutch (7 up, and thereby inclines the 
piece G, as shown in Fig. 516, (he. edges p and q of the hole in 
the piece G catch the electrode />', and, in the further upward 
motion of 1) and F, raise Iho other electrode, B, from contact 
with the lower carbon, .4, and thereby start the arc. An elec- 
tromagnet of many turns of fine wire, and of high resistance, P, 
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Fit;, .lift. 



conneoied in shunt between ilic lamp frnninals 1 and 2, acts 
upon the side // tif (In- II-VIT 1)1)' , dppu.^iic iVniti the side /), on 
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a branch current is established through the shunt magnet P, 
and this shunt magnet thus opposes the series magnet S. With 
increasing arc length and thus arc voltage, a point is reached, 
where the shunt magnet P counterbalances the pull of the 
series magnet S, and the lever 1) and thereby the electrode B 
come to rest; the arc has reached its full length, that is, the 
starting operation is over. As soon as, by the combustion of 
the electrodes, the arc length and thereby the arc voltage be- 
gins to rise, the current in the shunt magnet P, and thus its 
pull, increases, whilo that of the series magnet S, being ener- 
gized by the constant main current, remains constant; the 
lever D' thus pulls up, and lowers I), and thereby, through rod 
F and clutch G, the upper electrode B, and thus maintains con- 
stant arc length. During the combustion of the electrodes, by 
the operation of the. shunl; magnet P, the clutch G and thereby 
the upper electrode B are gradually lowered, and the arc length 
thus maintained constant. Ultimately, however, the clutch G 
hereby approaches the horizontal position, shown in Fig. 51a, 
so far, that the edges of the hole, p and q, cease to engage, and 
the electrode B is free and drops down on the lower carbon A. 
While dropping, however, the arc, shortens, the arc voltage, and 
thereby the current in the, shunt magnet P, decreases, the pull 
of this magnet decreases correspondingly, and the series magnet 
S pulls the, clutch <7 up again, thereby catches the electrode B 
usually before it has dropped quite down into contact with 
the lower carbon A and again increases the arc to its proper 
length, and the same cycle of operation repeats: a gradual 
feeding down of the upper electrode B by the ahunt magnet 
until it slips, and is pulled up again by the series magnet S. 

From the same lever I) is supported, by rod L, a contact- 
maker K. If then the upper electrode 7:> should stick, and thus 
docs not slip, when by (he shunt magnet P the clutch G has been 
brought into horizontal position, or, if J3 has been entirely con- 
sumed, etc., the arc continues to lengthen and the pull of the 
shunt magnet P to rise, and D thereby goes still further down 
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magnet /', it pulls up its armature D r to its full exter 
thereby close's the .shunt circuit around the lamp. 

Wlu-ii the current is taken oil the circuit, armature L 
down, and thereby K closes the shunt circuit, and cl 1 
releases the electrode B, and it drops down into conta< 
carbon .1. In starling the lamp, two paths thus are av, 
over series magnet ;S, and electrodes B and A, or over res 
H and contacts MX. While the resistance of the formi 
is very low, it is not entirely negligible. Therefore a si 
resistance A' must be inserted in the by-path MN, so 
starting practically all the current passes over S and tl 
(rodes, as otherwise the lamp would not start. Duri 
pulling up of (he armature I) by the series magnet S, i: 
ing, the contact A' opens, before the clutch (7 has can, 
electrode It; that is, while the electrodes are, still in 
with each other, and the opening of contact. K therefore 
no appreciable voltage or current, hence, is sparkless. 

In this lamp, no steadying resistance is used, as it is h 
for operation on a constant-current circnit. If used < 
sfant-pofential circuit, as, for instance, a number in si 
;V)() volts, a steadying resistance /i',, would be inserted, 
caled ill It tt in Fig- .">!). 

Till' starting of the arc is accomplished by series mi 
and clutc.U d'\ tin' feeding by shunt magnet /'; the pr 
device is tin- contact .I/A'.V. 

Such an arc lamp is called a dift-mtlnd lump, as it 
(rolled by the differential notion of a shunt and ; 
magnet. 

It, contains a jliitilintf viptcni f cmilml ; 1hat, is, th 
electrode is .-\ispende*l by the balance of two forces, cx< 
the series and the shun! magnef : that is, by the curr 
the voltage; the upper carbon then-fore is almost conti 
moving slightly in following the pulsation of (he. arc, n 
which occurs during operation. Since, with the plain 
arc, the arc llame gives no light, this pulsation of the, ar 
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Where a single lamp is operated on a constant-potential 
circuit, the mechanism can be simplified by omitting the pro- 
tective shunt circuit RMN, arid omitting the shunt magnet P, 
as, with a change of arc length, the main current and thereby 
the pull of the series magnet S varies, and the control thus can 
be done by the series magnet. Such a lamp then is called a 
series lamp. An alternating-current 
series lamp is shown diagrammatically 
in Fig. 52. 

In starting, the series magnet S pulls 
up the electrode B by the clutch G, 
in the same manner as in Fig. 50. 
With increasing arc length and thus 
increasing voltage consumed by the 
arc, the current in the arc and thus 
in the series magnet $ decreases, and 
thereby the pull of this magnet, until 
it just counterbalances the weight of 
the armature, and the motion stop. 
With the consumption of the carbons, 
the armature D, clutch (} and elec- 
trode B gradually move down, until 
the clutch lots the carbon slip, the 
arc shortens, the current rises, and 
the magnet S pulls up again, the same, 
as in Fig. 50. A reactance a: in series 
with the lamp, as steadying device, 
limits the current. This reactance FlG- 52 ' 

usually is arranged with different terminals, so that more or 
less reactance can be connected into circuit, and the lamp 
thereby operated, with the same are voltage,, on supply circuits 
of different voltages, usually from .110 to 125 volts. 

Obviously, such a series lamp can be used only as single 
lamp on constant potential supply, as it regulates by the varia- 
tion of current, and, with several lamps in series, the current 
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is required 



to the arc, length, pulsations of the arc, length, if appreciable, 
give pulsations of the light, and the floating system of control, 
wliic-h maintains constant voltage by varying the arc, length in 
correspondence with the pulsation of arc, resistance, thus is 
undesirable, and a mechanism maintaining fixed arc length 
Such a mechanism, that of the magnetite arc lamp, 
is diagrammatically illustrated 
in Fig. W. 

As, during operation, a 
melted pool forms on the sur- 
face of the electrode, the eloc- 
frodes are left separated from 
each other when taking the 
power off the eirc.uit, since 
when letting (hem drop to- 
gether when taking off the 
power -as in the carbon arc 
they may weld together and 
the lamp thus fail to start 
again. 

.I represents the. lower or 
negative magnetite terminal 
which is movable, />', the non- 
c.onsuming upper positive elec- 
trode, consisting of a piece of 
copper, with heat -radiating 
wings, \V , which is a stalion- 
arv and fixed part of the lamp. 
r is the chimney required to 
carry off the smoke. 
When starting, the circuit, beginning at terminal 1, passes 
contacts .1/,Y, through a powerful electromagnet or solenoid 
and resistance A', to terminal '2. The solenoid O pulls up its 
core /), and by the dutch it raises the lower electrode A into 
contact with the upper electrode, />, and thereby closes the 
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distance which is fixed by an adjustable clutch, Q, and thus 
starts an arc of definite length. 

When during the consumption of this electrode A the arc 
length and thereby the are voltage rises, the shunt magnet P 
increases in strength, and ultimately pulls the core F away 
from the series magnet S, closes the contact MN of the shunt 
circuit OR, and thereby energizes the solenoid 0. This again 
raises, by the clutch G, the lower electrode A into contact with 
the upper electrode B, and so repeals the cycle of operation. 

If the arc between A and 11 opwus, the solenoid S loses its 
excitation, the coil F drops and closes the contact MN of the 
shunt circuit OR. 

If the arc resistance we.ro perfectly constant, such a mechan- 
ism would not operate satisfactorily, as the arc would have to 
lengthen considerably to have. the. shunt coil P overpower the 
series coil S sufficiently to pull the core F down, close the con- 
tact MN, and thereby feed. 

The resistance of an arc,, and thereby, at constant length, 

its voltage, pulsates, however, c.out.iiiuously, about as shown 

"diagrammatically in Fig. M, thai, Is, peaks of voltage of vari- 




KM;, fi-l. 



ous height follow cac.h oilier. Thus with an average arc volt- 

of 75. numu'tiL'irv nc.'i.K-s: nf X. r i vnH,w will rmih.'i.hlv lw rvrtY'.Vinrl 
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tiably increase by the. consumption of the electrode. Due to 
the character of the an; as a pulsating resistance, such a con- 
trolling mechanism thus maintains constant arc length by a 
potential magnet set for a voltage considerably above the aver- 
ago arc, voltage. 

Such a mechanism, controlling for constant arc length, does 
not operate for constant voltage at the lamp terminals, but 
allows tint pulsation of the arc resistance to appear as pulsation 
of the terminal voltage. In a constant-current circuit, with 
many lamps in series, these, voltage pulsations of the individual 
arcs overlap and have no effect on the circuit. When operating, 
however, a lamp of such a mechanism on a low-voltage constant 
potential circuit, a highly inductive steadying resistance is de- 
sirable, to take c.are of the pulsations of arc, voltage. 

71. The open or short-burning carbon ares of former times 
which have, survived only in a few cities wore operated on 
constant, direct -current circuits of {.).(> and (>.(> amp. with 40 to 
15 volts per lamp. 

The present enclosed or long-burning carbon arcs are oper- 
ated on constant-current circuits of 5 amp. and 0.6 amp. 
direct current, or of (>.5 and 7.5 amp. alternating current, with 
about 72 volts at the lamp terminals. They are operated as 
single, lamps, of f) to 9 amp. on direct- or alternating-current 
constant, potential circuits of 110 to 125 volts, or two lamps in 
series on circuits of 220 to 250 volts. 

The flame-carbon arcs, as short-burning open arcs, are usually 
operated two in series on constant-potential circuits of 1.10 to 
125 volts, or four in series on circuits of 220 to 250 volts, with 
10 to 15 amp. in the arc.. 

The luminous arcs are operated on 4- and (i.O-nmp. consl-juit 
direet-euiTent circuits (magnetite lamp), with 75 volts per 
lamp, and on li- and -1.5-amp. constant alternating-current cir- 
cuits (titanium-carbide arc.), with SO volts per lamp. 
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constant-current effect, as discussed above. In alternating- 
current circuits, reactance may, and usually is, employed in- 
stead of the steadying resistance, and the waste of power thereby 
greatly decreased. Voltage, however, is still consumed and the 
power factor lowered. 

An additional waste of energy generally occurs in constant- 
potential arc-lamp circuits, duo to the standard distribution 
voltages of low-potential circuits being higher than necessary 
for the operation of a single lamp, but too low for the operation 
of two lamps in series. Thus with an enclosed 5-amp. carbon 
arc lamp, with about 70 volts at the arc, a supply voltage of 
95 to 100 volts would be sufficiently high above the stability 
curve of the arc (Fig. 40) to give, .steady operation. Distri- 
bution voltages, however, vary between 110 to 1.30 volts, and 
the difference thus must bo consumed in resistance, giving an 
additional waste. (Except in those rare eases, whore as steady- 
ing resistance some useful devices, us incandescent lamps, can 
be employed.) With an enclosed arc, lamp on a 125-volt cir- 
cuit, only 30 volts, or 12!) per cent, are usefully employed in 
heating the carbon terminals and thereby producing the light, 
while the remaining 71 per c.enl. is wasted in the resistance 
and in the non-luminous arc (lame. Somewhat better are the 
conditions when operating two high-current open arcs, as two 
fiarnc lamps, in series on such a circuit. However, at the lower 
distribution voltage, as 1 10 volts, the supply voltage may be 
already so close to the stability limit of the arc that the arcs 
are not as steady as desirable. 

The low-current, long luminous nrc.H of electro-conduction, as 
the magnetite arc,, can in general be operated only with diffi- 
culty on circuits of 110 to l'J, r ) volts, and therefore are, for 
constant-potential service, frequently designed for operation as 
single lamps on 2'JO to '2f>0 volts supply, with extra great arc 
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rent can bo sent at the high voltage of the constant-current 
circuit. In American towns and cities, where arc lamps are 
used for street lighting, practically always the entire city up to 
the farthest suburbs is lighted by arc, lamps, and frequently arc 
lamps installed even beyond the reach of the high-potential 
primary alternating-current supply. To reach such distances 
with low-voltage constant-potential supply, is impossible, and 
thus the constant-current series system becomes necessary. In 
European cities, where a prejudice exists against high-voltage 
constant-current circuits, and people are satisfied to have arc 
lamps only in (he interior of the city, and leave the lighting of 
the, suburbs to gas lamps, const ant-potential street lighting is 
generally employed, and is eminently satisfactory within the 
limitations with which European cities are, satisfied, but would 
bo impossible in (he average American city. 

Where plain carbon arcs are used in American cities the 
enclosed arc. lamp is exclusively installed, and open arc lamps 
have survived only in a few exceptional cases, mainly where 
political reasons have not yet permitted their replacement by 
modern lamps. The lesser attention required by the enclosed 
arc. lamp -weekly trimming instead of daily with the open arc 

lamp has been found to make it more economical than the 

open an: lamp of old. In Europe, where labor is cheaper, and 
the daily attention not considered objectionable, the open or 
short-burning arc, lump has maintained its hold, and the en- 
rinsed arc, lump has never been used to any great extent. With 
the development, of (he Hume rarbc'i, I IK; flame arc, therefore, 
has found a rapid introduction in Europe, while in the United 
Stales it was excluded from use in street lighting, due to its short- 
burning feature, which requires daily trimming, and is used only 
for decorative purposes, for advertising, dr., until an enclosed or 
long burning flame arc lamp had been developed. 

In spite of the lower efliciency of the alternating carbon arc,, 
the. ('.(instant-current circuits used for arc. lighting are generally 
alternating, due to the grealiT convenience of generation of 
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almost as simple and convenient as that of alternating current, 
this has very little increased the use of the direct-current en- 
closed arc lamp, but when changing to direct current sup- 
ply, usually the arc lamp is also changed to the luminous arc, 
the magnetite lamp, which gives more light and consumes less 
power. 

In constant-current arc circuits, usually from 50 to 100 
lamps are operated in series on one circuit, with circuit volt- 
ages of 4000 to 8000 volts. Sevcnty-five-lamp circuits, of 6000 
volts, probably are the most common. 

73. Constant direct current was produced by so-called "arc 
machines" or "constant-current generators." Of these only 
the Brush machine has survived, and is now also beginning to 
disappear before the mercury arc rectifier, which changes the 
alternating current of the constant-current transformer to direct 
current without requiring moving machinery. 

The Brush machine in its principle essentially is a quarter- 
phase constant-current alternator with rectifying commutator. 
An alternator of low armature reaction and strong magnetic 
field regulates for constant potential: the change of armature 
reaction, resulting from a change of load, has little effect on 
the field and thereby on the terminal voltage, if the armature 
reaction is low. An alternator of very high armature reaction 
and weak field, however, regulates for constant current: if the 
m.m.f., that is, the ampere-turns required in the field coil to 
produce the magnetic, flux, are small compared with the field 
ampere-turns required to take care of the armature reaction, 
and the resultant or magnetism-producing field ampere-turns 
thus the small difference between total field . excitation and 
armature reaction, a moderate increase of armature current 
and thereby of armature reaction makes it equal to the field 
excitation, and leaves no ampere-turns for producing the mag- 
netism; that is, tho magnetic flux and thereby the machine 
voltage disappear. Thus, in such a machine, the current out- 
put at constant field excitation rises very little, from full volt- 
es fro rlrvwn +rv c-li/M-f /iitvuiif /-\v it~> rv)-1it Ttr/~\ivlo fl~\n r-n o l-\ i n a 
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thereby UK; Held excitation decreased if tho machine cur- 
rent tends to rise 1 by a decrease of the required circuit voltage, 
and inversely. 

The constant -current regulation of the are, machine thus is 
not produced by its so-called "regulator," but approximate 
constant-current regulation is inherent in the machine design, 
and UK; regulator merely makes the regulation perfect. 

A more explicit discussion of the phenomena in the arc 
machine, and especially its rectification, is given in Chapter III 
of Section II of "Theory and Calculation of Transient Electric 
Phenomena and Oscillations." 

In alternating-current circuits, approximate constant-current 
regulation is produced by a large reactance, that, is, by self- 
induc.tion, in the circuit. In transformers, the self-induction is 
the stray iield, or the leakage 11 ux between primary coil and 
secondary coil. In the constant-current transformer, which is 
most generally used fur constant alternating-current supply 
from constant alternating voltage, the primary turns and the 
secondary turns are massed together so as to give a high mag- 
netic, stray flux between the coils. Such a transformer of high 
internal self-induction, or high stray llux, regulates approxi- 
mately for constant current. Perfect constant-current regula- 
tion is produced by arranging the secondary and tho primary 
coils movable with regard to each other, so that, when low cir- 
cuit voltage is required, the coils move apart, and the stray 
flux, that is, the reactance, increases, and inversely. The 
motion of the coils is made automatic by balancing the magnetic, 
repulsion between lite coils by a counter-weight. A discussion 
of the constant-current transformer and its mode of operation 
is given in "Theory and Calculation of Kleclru- Circuits," Chap, 
XIV. 

In the so-called "constant current reactance," (lie two coils 
of the. constant-current transformer are wound for tho same 
current, and connected in opposition with on eh other, and in 
series to the arc, circuit into the constant -potential mains. 
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all the arc circuits electrically with the constant-potential alter- 
nating-current system, and any ground in an arc circuit is a 
ground on the constant-potential supply system. As grounds 
are more liable to occur in arc circuits, the constant-current 
reactance is therefore very little used, and generally the con- 
stant-current transformer preferred, as safer. 

In the constant direct-current mercury-arc rectifier system, 
the constant-potential alternating-current supply is changed to 
constant alternating current by a constant-current transformer, 
and the constant alternating current then changed to constant 
direct current by the mercury-arc rectifier. An explicit dis- 
cussion of the phenomena of the constant-current mercury arc 
rectifier is given in Chapter IV of Section II of "Theory and 
Calculation of Transient Electric Phenomena and Oscillations." 

If the constant-current arc circuit accidentally opens, with a 
Brush machine as source of supply, the voltage practically 
vanishes, as the machine has series field excitation, and thus 
loses its field on open circuit. The constant-current trans- 
former, however, maintains its voltage, and gives maximum 
voltage on open circuit. The mercury arc rectifier, when sep- 
arately excited by a small exciting transformer, also maintains 
its voltage on open circuit. If, however, after starting, the 
excitation is taken off, that is, the exciting circuit opened, as 
is permissible in a steady arc circuit, the voltage in the arc 
circuit disappears if the arc circuit is opened. Inversely, when 
connecting an arc circuit to a Brush arc machine, an appre- 
ciable time elapses while the voltage of the machine builds 
up, while with the constant-current transformer and thus also 
with the constant-current mercury arc rectifier system, full volt- 
age exists even before the circuit is closed. 



LECTURE IX. 
MEASUREMENT OF LIGHT AND RADIATION. 

74. Since radiation is energy, it can bo mensural as such 
by converting the energy of radiation into some other form of 
energy, aw, for instance, into heat, and measuring the latter. 

Thus a beam of radiation may be measured by having it 
impinge on one contact of a thermo-couple, of which the other 
eoritacl is maintained at must ant temperature. A galvanom- 
eter in the circuit of this thermo-couple thus measures the 
voltage, produced by the difference of temperature of the two 
contacts of the (hermo-couple, and in (his manner the temper- 
ature rise produced by the energy of the incident beam of radia- 
tion is observed. 

Probably the most sensitive method of measuring even very 
small amounts of radiation is the bolometer. The beam of 
the radiation (or after dissolving the beam into a spectrum, 
the wave length of which the power is to be measured) impinges 
upon a narrow and thin strip of metal, as platinum, and thereby 
raises its temperature by conversion of the radiation energy 
into heat. A rise of temperature, however, produces a rise of 
electric resistance, and (he latter is measured by enclosing the 
platinum strip in a sensitive \\'heafsfone bridge. The rise of 
temperature of the platinum strip by the small power of radia- 
tion obviously is so small that it could not be observed by 
any thermometer. Klectrif. resistance measurements, however, 
can he made with extreme ace.uracy, and especially extremely 
small changes of resistance can be measured. Thus a change 
of resistance of 1 in a million and, with very sensitive measure- 
ments, even many times smaller changes can be observed. As 



measured by absorbing it and measuring the heat produced by 
it, as, for instance, the amount of ice melted in a calorimeter. 
Any particular range of the total radiation, as, for instance, the 
total visible radiation, can be measured in the same manner 
by passing the radiation first through a body which absorbs 
that part which is not desired, for instance;, a body transparent 
to visible, but opaque to invisible radiation. As no body is 
perfectly transparent to one, perfectly opaque to another radi- 
ation, the- separation of tin; radiation by absorption is nec- 
essarily incomplete, and correction must therefore be made 
in the result. This makes this method rather inconvenient 
and inaccurate. Even when measuring the total radiation by 
absorption in a calorimeter, it is practically impossible to 
collect tin; total radiation without either losing some, or 
including energy, which is not radiation, but heat conduc- 
tion or convection. Obviously, by enclosing the radiator in 
the calorimeter, the. latter would measure not only the radi- 
ation, but also the power lost by heat conduction, convec- 
tion, etc. 

Sometimes the power of radiation can bo measured by meas- 
uring input and losses. Thus, in an incandescent lamp, the 
electric-power input is measured, and the, power lost by heat 
conduction and convection estimated if not entirely negligible. 
In those cases in wliic.h all or most of the energy supplied is 
converted into radiation, as in an incandescent lamp, this 
method is the most exact. However, it can directly measure 
only the total radiation power. To measure the different parts 
of the radiation so as to determine separately the power in the 
visible, the ultra-red, and the. ultra-violet range, the method of 
input and losses can be used to give {.he. total radiation, power, 
and, by bolometer or other means, the relative powers of the 
component radi;i,tions measured in a beam of light. From the 
total radiation and the ratio of its components, then, follows 
the values of radiation power of the components. 

75. Lit/til, however, cannot be measured by any of the pre- 
ceding methods, shire light, in the sense, in which it is con- 
sidered photometrically, is not power, but is the physiological 
effect of certain wave lengths of radiation, and therefore can- 
not be ninjmiirpjl. nhvm'f'illv m onwer. bill, onlv nhvKifilofyif.fl.11v. 
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by comparison with other physiological effects of the same 
nature. 

The power of visible radiation obviously can be measured, 
and thus we can express the power of the, visible radiation of 
a mercury lump or an incandescent lamp in watts. But the 
power of visible radiation is not proportional to the physiologi- 
cal effect, and thus not a measure thereof. One watt of green 
radiation gives many times as great a physiological effect, that 
is, morn light, as does one watt of red or violet radiation, and, 
besides, gives a different kind of physiological effect: a differ- 
ent color. 

The unit in which illuminating value of light, or its intensity, 
is expressed as {he "candle-power," is, therefore, a physiological 
and not a physical quantity, and hence it, has no direct or con- 
stant relation to the unit of power, or tin; watt. The unit of 
light intensity has been chosen by convention: as the physio- 
logical effect, exerted on the human eye by f> sq. mm. of melting 
platinum, or by 'i Hume burning a definite chemical compound 
as amyl acetate or pentane at a definite rate and under 
definite conditions, etc. 

Broadly, therefore, the conception of a chemical equivalent of 
light, that is, a relation between candle power and watt, is 
irrational, just as, broadly, a relation between time and distance, 
is irrational; that is, just as distance cannot be expressed by 
the unit of lime, so candle power cannot be expressed by a 
unit, of power, as the watt. A relation between two such 
inherently different quantifies can be established only by an 
additional conventional assumption, and varies with a change. 
of this extraneous assumplion. Thus stellar distances are. 
measured in "light years," that is, by the distance traveled by 
the light, in one year, as unil. So also (he physiological effect 
of one definite color of light, as (hat of the green me.rcury line, 
or the yellow sodium line, or the red lithium line, can be related 
to the, unit of power, or the watt, and we may speak of a me- 
chanical equivalent, of <nven li-ilil, or of vellow light, or of red 
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equivalent of green light" is the relation between a physiolog- 
ical effect and the physical quantity required to produce the 
effect, and thus is not necessarily constant, but may, and does, 
vary with the intensity of the effect, the individuality of the 
observer, etc. It appears, however, that at higher intensities 
the relation is very nearly constant and the same with differ- 
ent observers, so that it is possible to express the physiological 
effect of a definite wave length of radiation, within the accuracy 
of physiological measurements, by the power consumed in pro- 
ducing this wave length of radiation; but it becomes entirely 
impossible to compare physiological effects of widely different 
wave lengths by comparing the power required to produce them. 

When speaking of mechanical equivalent of light, it thus 
must be understood in the extended meaning of the word, as 
discussed above. 

76. In photometry, and in general in illuminating engineer- 
ing, it is of essential importance to keep in mind this difference 
in the character of light as physiological effect, and radiation 
as physical quantity of power. This is the reason why all 
attempts to reduce; photometry to a strictly physical measure- 
ment, and thereby bring photometric determinations up to 
the high grade of exactness feasible in physical observations, 
have failed and must necessarily fail; wo cunnot physically 
compare an effect as light, which is not a physical quantity, 
but somewhere in all photometric, methods the physiological 
feature, that is, the judgment of the human eye, must always 
enter. 

Photometric tests therefore can never have the accuracy of 
strictly physical determinations. All attempts to eliminate 
the judgment of the; human eye; from photometry, by replac- 
ing it by the selenium cell, or the photographic plate, or 
Crookes' radiometer, e;tc., necessarily are wrong in principle and 
in results: some of those instruments, as the bolometer, the 
radiometer, etc., compare; the; power of the radiation, others, 
as the selenium cell or the; photographic plate, the power of 
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of light, as "standard candle/' or a duplicate or multiplicate 
thereof. Obviously, in measurements of light, usually not the 
primary standard of light is used, but a more conveniently 
arranged secondary standard of light, that is, a standard which 
has been calibrated by comparison, directly or indirectly, with a 
primary standard. 

77. The most accurate method of comparing lights is the 
zero method, as represented by the different types of photom- 
eters. The illumination produced by the two different sources of 
light the one to be tested and the standard are made equal 
by changing the relative distances of the sources. At equal illu- 
mination their intensities are proportional to the square of their 
distances. Thus, for instance, in the bunscn type of photometer, 
as shown diagrammatically in its simplest form in Fig. 55, the 
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two white screens A and B are, illuminated, the one, A, by the 
light, L, which is to bo tested, the other, /?, by the standard S, 
as a calibrated or standardized Ki-cp. incandescent lamp, and 
then cither L or 8 or both arc; moved until, seen from C, the 
two sides A and B of the screen become equal, that is, the divid- 
ing line C between them disappears. When this is the case, 
L -?- *S Y = .r -r- ?y 2 , whore x ami y are the two distances of the 
sources from the screen. 

Different modifications of the bunsen photometer are most 
commonly used. 

As the sensitivity of the eye to differences of illumination is 
not very great, usually a number of readings are taken on the 
photometer, and then averaged. 



For similar reasons, when tasting gas lamps or other flames, 
L, as S, a flame standard, as the pcntane lamp, is used, so that 
the effect of barometric pressure, humidity of the air, etc. 
appears in both lamps and thereby does not appreciably 'affect 
the comparison of their light. 

A quick and approximate method of comparison of sources 
of light is given by the shadow photometer by moving an 
object between the two lamps until the two shadows of the 
object give the same darkness. When this is the case, the 
illumination at the object is the same, and the intensities of 
the two sources are then proportional to the square of their dis- 
tances from the object. Street lamps can, in this manner, be 
rapidly compared, with fair 
accuracy, by pacing the 
distance from the one to 
the other, and noting when 
the two shadows of the 
observer an; equal in dark- 
ness. If then at x stops 
from the one lamp, L v the 
shadows arc, equal, and y 
further steps are required 
to reach the second lamp, 
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A very convenient form 
of photometer, which gives 
good results oven whore 
the two lights are of some- 
what different color, is the 
paraffine photometer. A 
block of paraflino is cast, as shown in .Ktg. 5(i, divided by a 
sheet of tinfoil in the center d, and covered with tinfoil except 
at the top and on the sides A and II. It is advantageous to 
have the center sheet of tinfoil C! perforated by a hole D. 

The block of puraffino then is held so that the side A is illu- 
minated by the OIKS lamp, L, the side B by the other lamp, S, as 

Shown ill Flo 1 r\7 AJ l\.ii".if-T" 
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the block from the hole /), on the side which receives less light. 
By moving the parailine block between the lamps L and S 
until both sides of it are of the same luminosity, that is, the 
dividing line. (' ami (he beam cast by hole. I) disappear, equality 
of the two illuminations can be located rapidly and with great 
accuracy. 

Bf~7~]A 

-~X ' 




78. When comparing lamps giving; light of the same color, as 
incandescent lamps of the same filament tcmpcralure, that is, 
the, same eilicicncy, exact comparisons can be made. within 
the limits of sensitivity of the eye for intensity differences - 
by the photometer by making the two sides .1 and tt of the 
Bunsen photometer screen, ur the two halves of (he paraflino 
block, identical, that is, making (he dividing line ( disappear. 
If, however, the color of the two lights is not the same, as, for 
instance, when comparing a lun.LMrn lamp and an ordinary 
incandescent lamp, no position nf the photometer can be found 
where (lie dividing line (' between .1 and />' (Figs, of), 57) dis- 
appears, but a color difference always remains. To make, a 
comparison, it is therefore necessary for the eye to judge, 
when (he (wo sides .1 and />' are of the ;-ame intensity while of 
different colors. If the color difference is ;-.mall, as between two 
different types of incaiidescen! lamp-, ihis can be done, with 
fair accuracy, i hough obviously no{ as accurately as (lit; c.oni- 
])arison of lights of idenlical colors. If, however, the, color 
difference is jjjeaf.as between tlie mercury arc and the orange- 
yellow carbon filament lamp, the uneerlninly of eijuality of 
the intensity of illumination become- very in'eal, and constant 
errors a])pear, due to the difference of (he physiological effoc.t 
of different colors, and difference- also appear between differ- 
ent, observers, so that the phol<imeirie comparison of light 
sources of greatly different color.- is quite unreliable, and that 
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n lamp with the carbon arc lamp, and the latter with 
rcury arc lamp. Hereby the uncertainty of each obser- 
is reduced by the reduced color difference. In the final 
however, the comparison of the carbon incandescent- 
tandard and the: mercury arc lamp no advantage is 
because the errors of the successive measurements add. 
,lly is this the case: witli the constant errors, that is, 
Ale to the specific color effect, and in consequence thereof 
ccuracy of the final result is not much better than it 
>o by single and direct comparison, 
otometer which is sometimes used for comparing lights 
rent color, and is based on a different principle from 
>f the above discussed instruments, is the Jlickcr pho- 
, In its simplest form it consists of a stationary disk, 
:ited by the one lamp, and a rotating half disk or sector 
} of it., which is illuminated by the other lamp. At slow 
i a flicker shows, which disappears if the speed be- 
sufKciently high. It is obvious that the more nearly 
le effect on the eye of the two illuminations thai, of the 
try disk and that of (-he revolving sector - the lower is 
ed at which the flicker disappears, and, by adjusting the 
es of the two lamps so as to cause the flicker to dis- 
at the minimum speed, the. instrument indicates equality 
effect of the two successive illuminations on the eye. 
frequently considered as representing equality of the 
iition, and the instrument in this manner used to com- 
lum'matioiis. There is, however, no reason why this 
be the, case, but, on, the contrary, it is improbable. . As 
4stence of vision, and in general the physiological effects 
rent colors, are different, the dicker photometer must be 
i d to have a constant error which increases with color 
ice; thai, is, it does not compare liglils of different, color 
ir illuminating values, but by some other feature not 
r relaled thereto. 

Hie photometer (hus cannot satisfactorily compare lights 
'rent colors. Afler all, this is obvious: the photom- 
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light than a piece of stone can be equal to a piece of ice 
comparison of quantities of different nature is possible 
regarding particular features of the quantities which they 
in common. Thus a piece of stone and a piece of ice ca 
compared regarding their weight, or their density, etc, Ii 
same manner, two different colors of light, or in general 
different frequencies of radiation, can be compared by 
feature which they have in common. Thus, for instance 
photographic plate compares them in their chemical acti 
the bolometer by their physical energy. 

Light is used for seeing things by, that is, distinguis 
objects and differences between objects. Regarding this fea 
the distinction of objects given by them, different colored 1 
can be compared, and a green light can be made equal to i 
light in illuminating value. 

It thus means that any two lights, regardless of their c 
have the same intensity if, at the same distance from t 
objects can be seen with the same distinctiveness, as, fo 
stance, print read with equal ease. The only method, there 
which permits comparing and measuring lights of widely d 
ent color is the method of "reading distances," as used ir 
so-called luminometer. It after all is the theoretically co 
method of comparison, as it compares the lights by that | 
erty for which they are used. Curiously enough, the 1 
nometer, although it has the reputation of being crude 
unscientific, thus is the only correct light-measuring instrun 
and the photometer correct only in so far as it agrees witl 
luminometer, but, where luminometer and photometer disa 
the photometer is wrong, as it gives a comparison whi< 
different from the one shown by the lights in actual us* 
illumination. 




FIG. 58. 



nometer. 

80. The luminometer can hardly be called an instrument, 
but it is merely a black box, as shown in Fig. 58, to screen off 
all extraneous light, and 
allow only the light of the 
source which is to be ob- 
served, to fall on the print. 
The print obviously must 
be black on white, that is, 
complete absorption and 
complete reflection, so as 
not to discriminate in 
favor of particular colors. 
No great accuracy could 
be reached by merely com- 
paring the ease of reading 
the same kind of print with different sources of light. A high 
accuracy, however, is reached by using a print which does not 
give definite words in which letters which are not clearly 
seen cannot be guessed from the sense of the word or sentence 
but a jumble of letters, capitals and small letters, arranged in 
meaningless words. 

Such a luminometer chart is given below : 

Amhof dirito arnritu, Lisno ladse pemrane odo Ulay 
Fores ca 1598720 woleb noitaidar. Ybod ergy may 
Pewos ex Idetncra, bsor poge Morf Tenscerophop War- 
dog; Omsk whykow cfforau tespo ygnew col Brispo 
Monas albo darmosphor? Cottef vol Demno myo 
36802 Erbtomy, quot Hiaworu pio Nio cuguab Qaphla- 
qua H 530 K b n q; 207 Lloysir baraka nunc, cinq 
Viamara W x 4 zoliaq kama nambosi erianoscum. 
Zaraz didym fore ik yiquia Fumne. 

With such a printed chart in the luminometer, the observer 
moves towards the light or away from it or the light is 
moved, with the observer stationary until a point is found 
at which the large letters, as the capitals, can be clearly dis- 
tinguished, but the small letters are indistinguishable. This 
point can be found with great sharpness, and the accuracy of 
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observation by the luminometer when used in this nianne 
nearly as great as that of the ordinary photometer, but un 
the photometer, the luminometer gives consistent and relii 
readings even with widely different colors of light. 

The comparisons made by the luminometer of widely diJ 
ent colored lights by different observers agree remarks 
well, showing that the distribution of color sensitivity is p 
tically the same in different human eyes. Only occasional] 
person is found with abnormally low sensitivity for some ] 
ticular color this obviously is not a fault of the instrum 
but in the nature of the measured object, which is a physiol 
cal effect, and as such may be different in different persons. 

The luminometer can be still further improved by illumi] 
ing one half of the printed chart from the one, the other 
from the other, source of light, and then moving the two sou 
to such distances that the small letters on both sides of the cl 
become indistinguishable, while the capitals are distinguish^ 

As well known, the luminometer is largely used for measu 
street illumination, as it is very simple and requires no spc 
technical training. Such observations, where the distances 
measured by pacing, are crude, and, to get exact results by 
luminometer, the same care is required as when using the j 
tometcr. 

The limitation of the luminometer, as generally used, is 1 
it compares lights at constant and relatively low intensity 
illumination. The relative intensity of light sources of dii 
ent colors changes however over a wide range with the in 
sity of illumination at which they are compared, as discus 
in Lecture III. A complete comparison of different cole 
lights therefore requires measurements at different intens: 
of illumination. 

With a photometer, the intensity of illumination can usu 
be varied over a wide range by bringing the light sou. 
nearer to the screen or removing them farther. In the lu 
nometcr, only a moderate change of the intensity of ilium 
tion, at which the comparison is made, can be produced 
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nometer, can be secured by using gray print on white back- 
ground, and lights of different colors thereby compared over 
a wide range of illuminations. 

With a luminometer chart of gray letters, of albedo a, on 
white background, the illumination or light flux density, at 
which the luminometer readings are made as described above, 



where i is the illumination or light flux density when using 
black print on white background. 

81. Since light is a physiological effect, the measurement of 
this effect requires a physiological unit, which is more or less arbi- 
trarily chosen. Such a unit may be a unit of light, that is, of 
light intensity or light flux, as a flame, or it may be a unit of 
light-flux density or illumination, that is, of light flux per unit 
area. 

Thus, a fairly rational unit of light-flux density or illumination 
would be the illumination required at the limits of distinguish- 
ability of black print of a specified typo, on white back- 
ground, that is, the light flux per unit area by which, with such 
black print on white background, the capitals and large letters 
can still be distinguished, while the small letters are indistin- 
guishable. 

Usually so-called "primary standards" have 'been chosen as 
units of light intensity. Violle recommended as standard the 
light at right angles from 1 sq. cm. of molting platinum. (Ap- 
proximately 20 cp.) This unit has never been introduced, 
partly due to the difficulty of producing it, partly due to the 
unsuitability of platinum for this purpose: platinum gives 
gray-body radiation, therefore any impurity, as a trace of car- 
bonized dust, may increase the light. 

Candles have been largely used for standards, as the name of 
the unit implies, made and burned under definite specifications. 
As individual candles vary widely in their light, the use of the 
candle as standard necessarily is very crude and inaccurate, 
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height of flame and definite conditions regarding air pressure 
and humidity. This Hefner lamp, or German candle, equals 
about 90 per cent of the British candle and equals 90 per cent of 
the international candle. Amyl acetate has been chosen as it 
can easily be produced in chemical purity, and gives a good 
luminous flame. The flame, however, is somewhat reddish, thus 
markedly different from the color of the carbon incandescent 
lamp, and departs still much more from that of the tungsten 
lamp. Instead of amyl acetate, pentane has been used and is 
still used. It gives a somewhat whiter flame, but the pentane 
lamp is not as constant. 

However, the Hefner lamp, while universally used as pri- 
mary standard, is altogether too inconvenient for general pho- 
tometric use, and, for this purpose, usually incandescent lamps 
are employed which have been compared with, and standard- 
ized by-, the Hefner lamp. In reality, from these standard 
incandescent lamps, by comparison, other incandescent lamps 
have been standardized, and so on, until of late years the 
Hefner lamp has been finally abandoned as primary standard of 
light, and we have no primary standard; but the standard of 
light is maintained by comparison with incandescent lamps 
kept for this purpose; that is, it is maintained by duplication of 
samples, and by international agreement an incandescent lamp 
unit has been adopted as the standard or "international candle. " 

82. A number of primary standards have lately been pro- 
posed, but none has yet been much developed. 

Some work was done on the acetylene flame, burning in 
oxygen. It has a very suitable white color, but its intensity is 
very sensitive to slight impurities of the acetylene, and such 
impurities, as hydrogen, are difficult to avoid. 

A suitable unit appears to be the normal temperature radiation 
at specified temperature, and the temperature could be denned 
by the ratio of the radiation power of definite wave lengths. 
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A further possible unit would be the light given by one watt 
visible radiation, by normal temperature radiation at a definite 
temperature the latter specified and measured by the ratio 
of radiation power of two different ranges of wave length. 
Such definition would base the physiological effect, under speci- 
fied conditions of temperature, on the unit of power, or the 
watt, as unit of light. Its disadvantage is the difficulty of 
measuring the power of the total visible radiation, since at the 
ends of the visible spectrum the power is high and the physio- 
logical effect low, and a small error in the limits of the spectrum 
would make a considerable error in the result. 

More satisfactory, therefore, appears the derivation of a 
primary standard of light by combining three primary colors of 
light in definite power proportions. Thus, choosing three lines 
of the mercury spectrum in the mercury arc in a vacuum, 
perfect steadiness and high intensity can easily be produced 
in the red, green and blue, about equidistant from each other, 
these three radiations would be combined in definite propor- 
tions chosen so as to give the desired color of the light, 
probably a yellowish white and in such quantities as to 
give one watt total radiation, or, if as unit the illumination 
is used, to give one microwatt per sq. cm.; that is, the 
standard of illumination would be the illumination produced 
by one microwatt of radiation power, composed of the three 
wave lengths of the three chosen mercury lines, in definite 
proportions. 

Such a standard, derived by combination of definite wave 
lengths, which are easily reproducible, appears the most satis- 
factory in regard to permanence. It would incidentally give a 
numerical expression to color values, as any color then would 
be represented by the numerical ratio of the power of the three 
standard spectrum radiations, which, mixed together, give the 
color.* 

83. Light is produced for the purpose of illumination. The 
raw material used in illumination is the flux of light issuing 
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The photometer or luminometer, however, gives the 
intensity in one direction only. Thus, to measure the 
flux of light, the light intensity in all directions in i 
must be determined, and added, or averaged, to get 
average intensity of light, usually called the "mean sph< 
intensity." 

If the light intensity were the same in all directions 
single photometric observation would give it, and therefroi 
multiplying with 4 n, the total flux of light would be obta 
This, probably, is never the case. 

Many illuminants, however, give a symmetrical distrib 
of light around an axis, so that the distribution curve i 
same in all meridians. This is practically the case with tl 
dinary incandescent lamp with oval filament, and also wit! 
tantalum and the tungsten lamp. Thus if the curve, sho 1 
Fig. 59, is the distribution curve in one meridian, it is the 




FIG. 59. 

in every other meridian, and for photometric test of the i] 
nant it is sufficient to measure the light intensities in one r 
ian only, for instance, from 10 to 10 degrees. To get her 
the mean or average intensity, it would obviously be wro 
merely average all the intensities under equal angles, sin< 
equatorial intensity covers a far greater area a zone of ! 
grees width and 2 K circumference than the intensity o 
tude 4>, that is, under angle c/> from the horizontal: the 



covers, 2 no cos 9, where d is the angular width of the zone 
(10 cleg., for instance), and then added. The average or mean 
spherical intensity then is derived herefrom by dividing with 
the surface of the sphere, or by 4 n. 

Thus, to get the mean spherical intensity from the distribu- 
tion curve, the instantaneous values of intensity, taken under 

equal angles d } are multiplied each by cos <, then added, and 
* $. 

the sum multiplied by -, where d, the angular distance under 

A 

which observations are taken, is given in radians, that is, 

10 deg. gives d = -^r it. This usually is done graphically. 
180 

Occasionally, as in incandescent lamps with single-loop fila- 
ment, the light intensity is not the same in all meridians, but a 
maximum in two opposite meridians: at right angles to the 
plane of the filament; and a minimum in the two meridians at right 
angles to the former, giving a horizontal or equatorial distribution 




FIG. 60. 



of light intensity about as shown in Fig. 60. In this case the 
horizontal distribution curve may also be determined photo- 
metrically, averaged so as to give the mean horizontal intensity 
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and the ratio of the mean horizontal intensity to the maximum 
horizontal intensity (or any other definite horizontal inten- 
sity); and the mean spherical intensity, as derived from the 
meridian of maximum horizontal intensity (or any other definite 
horizontal intensity), is multiplied with this ratio to get the 
real mean spherical intensity. Usually in this case measure- 
ments are taken only in one meridian, 'but during the test the 
lamp rotated around its vertical axis with sufficient speed, so 
that each observation in the meridian, under angle $, in reality 
is the mean intensity in the direction <. Thus, in incandes- 
cent lamp tests, usually the lamp is revolved, so as to average 
between the different meridians. 

As the distribution of intensity in the meridian is the same, 
within the error of photometric test, for all incandescent lamps 
of the same type of filament, usually the distribution curve of 
one meridian is measured once for all, therefrom the ratio of 
horizontal to mean spherical candle power, the so-called spherical . 
reduction factor, determined, and then in further photometric 
tests of lamps of this type only the horizontal intensity meas- 
ured, and from this, dividing by the spherical reduction factor, 
the mean spherical intensity is derived. Thus, while with the 
incandescent lamp the intensity varies in each meridian, and is 
different in the different meridians, the mean spherical intensity 
nevertheless is derived by a single photometric observation of 
the horizontal intensity with rotating lamp : the rotation aver- 
ages between the different meridians, and the spherical reduction 
factor translates from horizontal to mean spherical intensity. 
Reduction factors of incandescent lamps usually are between 0.75 
and 0.80, reaching practically 1.00 in the modern tungsten lamp. 

84. Far more difficult is the matter with arc lamps : in the ordi- 
nary carbon arc lamp, the intensity also varies in the meridian, 
and is different in the different meridians, but not with the 
same regularity as in the incandescent lamp, and, further- 
more, the intensity distribution between the different meridi- 
ans, as well as, to a lesser extent, the total light flux of the 
lamp, varies with the time. The arc is not steady and con- 
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however, do not remain constant in position, but continuously 
change with the wandering of the arc. Therefore, by measure- 
ments in a single meridian, the distribution curve of maximum 
and that of minimum intensity can be determined by waiting 
during the observation for the arc to come around to the 
side of the observer maximum and go to the opposite 
side minimum intensity. Such curves are shown in Fig. 61. 




FIG. 61. 

This, however, carried out for every angle in the meridian, 
makes arc-light photometry rather laborious, especially as 
the total intensity pulsates with the time, and therefore a 
considerable number of readings have to be taken in every 
position. 

Therefore, for arc light photometry, integrating photometers 
are especially desirable, that is, photometers which, by a single 
observation, determine more or less accurately the mean 
spherical intensity; that is, the average intensity, in all directions. 
With such an integrating photometer, by taking a number of 
successive readings and averaging, so as to eliminate the varia- 
tion of total intensity with the time, the mean spherical inten- 
sity, and thus the total flux of light, can be derived more 
rapidly. 
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of cos < and combined on the photometer screen. Obviously, 
the Matthews photometer does not average the intensity in ail 
directions, but only in two meridians opposite to each other; 
however, by averaging a number of successive readings, very 
accurate results can be derived. 

A method of averaging in all directions is based on a similar 
principle as that by which the radiation from the interior of a 
closed sphere of constant temperature was found to be black- 
body radiation : if the lamp is located in the center of a closed 
sphere (perforated only at the place where the photometer 
enters) of perfectly white reflecting surface, then the light in- 
tensity throughout the entire inner surface of the sphere is 
uniform, and is the mean spherical intensity of illumination at 
the distance of the radius of the sphere. The reason is : every 
element of the interior of the sphere receives light directly from 
the lamp, and also light reflected from all the other elements 
of the sphere, so that the total light received at every element 
of the sphere is the same, hence is the average illumination. 
By enclosing the test lamp in the center of such a photometric 
sphere of sufficient size, its mean spherical intensity thus can be 
determined by a single reading. Such an arrangement has the 
further advantage that it allows a direct measurement of mean 
spherical intensity or light flux of such illuminants as the 
mercury lamp, in which the radiator is of such extent that it 
cannot be considered as a point without going to excessive 
distances. 

85. Photometrically, and in illuminating engineering, only 
the mean spherical intensity which represents the total flux 
of light and the distribution curve which represents the 
distribution of this light in space are of importance. The 
"horizontal intensity 5 ' has been used as a conventional rating 
of incandescent lamps, but is merely fictitious, as it does not 
mean an actual average horizontal intensity, but the horizontal 
intensity which the light flux of the lamp would give with the 
standard mean spherical reduction factor, if the filament had 

t.lio sfanrlavrl aTio-no 
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Hemispherical candle power is used to some extent, especially 
road. It is a fixture between light flux and distribution 
rve, and as it gives no information on the total light flux, nor 
the actual distribution curve, and may mislead to attribute 
the lamp a greater light flux than it possesses -by mistaking 
vith mean spherical candle power it has no excuse for exist- 
je, and should not be used. 



LECTURE X. 
LIGHT FLUX AND DISTRIBUTION. 

86. The light flux of an illuminant is its r total radiation 
power, in physiological measure. It therefore is the useful 
output of the illuminant, and the efficiency of an illuminant 
thus is the ratio of the total light flux divided by the power 
input. 

In general, the distribution of the light flux throughout space 
is not uniform, but the light-flux density is different in different 
directions from an illuminant. 

Unit light-flux density is the light-flux density which gives 
the physiological effect of one candle at unit distance. The 
unit of light flux, or the lumen, is the light flux passing through. 
unit surface at unit light-flux density. The unit of light inten- 
sity, or one candle, thus gives, if the light-flux distribution is 
uniform in all directions, unit flux density at unit distance from 
the radiator, and thus gives a total flux of light of 4 x units, or 
4 K lumens (since the area at unit distance from a point is the 
surface of a sphere, or 4 TT). 

The unit of light intensity, or one candle power, thus gives, 
with a radiator of uniform light-flux distribution, 4 n lumens of 
light flux, and inversely, a radiator which gives 4 K lumens 
of light flux, gives an intensity of one candle, if the intensity is 
uniform in all directions, and, if the distribution of the intensity 
is not uniform, the average or mean spherical intensity of the 
radiator is one candle. Thus one mean spherical candle rep- 
resents 4 TT lumens of light flux, and very frequently the mean 
spherical candle is used as representing the light flux: the light 
flux is 4 TT times the mean spherical intensity, and the mean 
spherical intensity is the total light flux divided by 4 x, regard- 



The distribution of light flux or of intensity is never uniform, 
id the investigation of intensity distribution of the light flux 
LUS necessary. 

The distribution of the light intensity of an illuminant de- 
jnds upon the shape of the radiator and upon the objects 
mounding it; that is, the distribution of the light flux issuing 
om the radiator depends on the shape of the radiator, but 

more or less modified by shadows cast by .surrounding 
DJects, by refraction, diffraction, diffusion in surrounding 
DJects, etc. 

The most common forms of radiators are the circular plane, 
LC straight line, that is, the cylinder, the circular line or circular 
binder and combinations thereof. 

87. Very frequently the intensity distribution of an ilhirni- 
int is symmetrical, or approximately symmetrical, around an 
ds. This, for instance, is the case with the arc lain]), the 
candescent lamp, most flames, etc. .If the distribution is 
jrfectly symmetrical around an axis, the distribution in space 
characterized by that in one meridian, that is, one plane pass- 
g through the axis. If the distribution is not symmetrical 
mind the axis, usually the space distribution is characterized 
/ the distribution curves in two meridians at right angles to 
,ch other, the meridian of maximum and that of minimum 
tensity, and the, distribution in the equatorial plane, that is, 
.e plane at right angles to the axis. 

Distribution curves are best ('('presented in polar coordinates, 
id the, angle <{> counted from the axis towards the equator 
hat is, complementary to the " L-Uitude." in geography). 
As most ilhuninanfs are. used with their symmetry axis in 
jrtical direction, and the downward light is usually of greater 
iportanco, it is convenient in plotting distribution curves to 
Loose the symmetry axis as vertical, and count the angle, </> 
^m the downward vertical towards the horizontal; that is, 
.c downward beam would be. given by </> 0, the horizontal 
lain by <[) -- 00 (leg., and (he upward beam by (/> ISO deg. 
The usual representation of the light-flux distribution in po- 
r coordinates does not give a fair representation of the, total 
;ht (lux, or the mean spherical intensity of the. liuM source, 
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impossible to avoid the impression of the area of the cur\ 
representative of the light flux. The area of the polar ci 
however, has no direct relation whatever to the total light 
that is, to the output of the illuminant, since the area dep 
upon the square of the radii, and the light flux directly i 
the radii of the curve. Thus an illuminant of twice the ii 
sity, but the same flux distribution, gives a polar curve of 
times the area, and the latter gives the impression of a sc 
of light far more than twice as great as the former. 

The meridian curves of intensity distribution are still : 
misleading: the different angles of the curve correspon< 
very different amounts of light flux: the horizontal intei 
((f) 90 deg.) covers a zone of 2 TK circumference, while 
intensity in any other direction <p covers a zone of 2 m i 
circumference; that is, an area which is the smaller, the n< 
< is to or 180 deg.; the terminal intensity, upward or d< 
ward, finally covers a point only, that is, gives no light 
As the result hereof, an illuminant giving maximum intei 
in the downward direction, and low intensity in the horizo 
gives a much larger area of the polar curve than an illumi 
of the same or even a greater total light flux which ha 
maximum intensity in the horizontal. Comparing, there 
illuminants of different distribution curves, it is practi 
impossible not to be misled by the area of the polar curve, 
thus to overestimate the illuminant having maximum dowrr 
intensity, and underestimate the illuminant having maxii 
horizontal intensity. 

The misleading nature of the polar curves of intensity 
tribution in the meridian is illustrated by the curves in . 
64 and 99: the three curves of Fig. 64 give the same 
light flux; that is, the same useful output; but 2 looks v; 
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by one meridian curve, the total light flux is calculated thus : 
Let / = intensity at angle 

(counting the angle cf> from one pole over the equator to the 
other pole). 

This intensity covers a zone of the 
sphere of unit radius of width dcj> and 
angle $,that is, a zone of radius (Fig. 62) 
r=sin<; thus surface 

dA = 2 TT sin tf>dtf>, 

and the light flux in this zone therefore 
is: 




FIG. 62. 



(1) 



= 2 nlsm(f)d<j>; 
hence, the total light flux : 

4? = 2 TT / I sin 4>d<j>. 

Jo 

The light {lux in the space from the downward direction < = 
to the. angle </> = fa against the vertical or symmetry axis, then 



(2) 



and the. light flux in a zone between the angles ^ and < 2 is 



(3) 



(4) 



/. DISTRIBUTION CURVES OF RADIATION. 

(1) /'/?./, or tfph&re, of Uniform Brilliancy.^ 

In this wusc., the intensity distribution is uniform, and thus, if 

I = intensity of light, in candles, 

<t> = 4 TT/ = light flux, in lumens; (5) 

or, inversely: 

tb . 



190 



RADIATION, LIGHT, AND ILLUMINATION. 



would be infinite; with a luminous sphere of uniform intensity 
distribution, and of radius r, the brilliancy is 



B = 



(7) 



hence, inversely proportional to the square of the radius of the 
spherical radiator. 

(2) Circular Plane of Uniform Brilliancy. 
89. Such radiators are, approximately, the incandescent tip 
of the carbons in the (non-luminous) electric carbon arc, or 
the luminous spot in the lime cylinder 
of the lime light (hydro-oxygen flame), 
etc. 

.Choosing the circular luminous plane 
as horizontal direction, the intensity 
distribution is symmetrical around the 
vertical, the vertical direction thus can 
be chosen as axis, and the angle $ 
counted from the vertical upward. 

The intensity is a maximum 7 , ver- 
FlG - 63 - tically downward, for <j> = 0. 

In any other direction, under angle <j> against the vertical 
(Fig. 63), the intensity is 

I = 7 cos <, - A ' (8) 

and is zero for 

<j6 = 90 deg. 

The light flux issuing from the radiator below angle <f> is, by 
(3): 




7r P/si 

Jo 



hence, by (8) : 



r 

I 

J 



sn < cos 



cos 
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t d the total light flux, from < = to ( = 90 deg. = -, thus is : 

Zi 

* - *J ; (10) 

; 

* 






(11) 



The brilliancy of the source of light is the total light flux 
vided by the luminous area; or, 



* 



d, if r = radius of the luminous circle, 

A = Trr 2 , 
d 

r> * . W/o 



TTT 



-i 02) 



/ = r*B; (13) 

at is, the same as in class (1) . 

Comparing (10) with (5), it thus follows that the total light flux 
such a radiator, for the same maximum intensity, is only one 
.arter that of a radiator giving uniform intensity distribution 
roughout space., or inversely, with such a downward distribution 
light, the maximum intensity is four times as great as it would 
with the same total light flux uniformly distributed through 
ace. 

The flux distribution is a circle having its diameter from the 
irce of light downward. It is shown as 2 in Fig. 64, and 
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FIG. 64. 
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i with the plane circular radiator (2), the same equations 

)ply- 
(4) Rounded Circular Surface. 

Such, for instance, is approximately the incandescent carbon 

p of the arc-lamp electrodes, when using carbons of sufficiently 

nail size, so that the entire tip becomes heated. 

Assuming, in Fig. 66, the radiator as a segment of a sphere, and 

t 2 w = the angle subtending this segment, r l the raclius of this 

>here. 

For all directions (f>, up to the angle a> below the horizontal : 

0< < <-<*; 

ie projection of the spherical segment In Fig. 66 is the same as 
iat of a plane circle, and thus the intensity is given in class (1), 

i . 

i = 7 cos 0. 

7T 7T 

i the direction, ~-^<<<r, however, the intensity is 

a 2i 

eater, by the amount of light radiated by the projection Dyx, 

id, in the horizontal direction, the intensity does not vanish, 

it corresponds to the horizontal projection of the luminous 

jgment. 

Above the horizontal, light still issues in the direction, 



7T 

cm the segment Buv, and only for - H- CD < <j> does the light 



If r, = radius of carbon, the radius of the luminous segment is 
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hence the surface of the segment, or the luminous area, is 
A 2 = 2 rjnt 

2 7- 2 2 7r (1 cos to) 
sin 2 w 

2 r 2 2 TT X 2 sin 2 ^ 



A 2 2 

4 sm 2 - cos 2 - 
^ .A 



, 
cos 2 - 



(14) 



Thus, if the luminous area is the same as in the plane circle 
class (2), it must be: 



cos 2 
or, 

r 2 = rcos-; (15) 

and, if the brilliancy B is the same, the maximum intensity for 
</> = is 






= r 2 J3 cos 2 ~; (16) 

2i 

that is, the rounding off of the circular radiator, at constant bril- 
liancy and constant luminous surface, decreases the maximum 

intensity I by the factor cos 2 -, but increases the intensity within 

Ll 

the angle from cu below to ID above the horizontal direc- 
tion. 



3. As seen, with increasing rounding, gradually more and 
3 re light flux is shifted from the vertical into the horizontal 
rection. 




FIG. 67. 

Straight Line or Cylindrical Radiator. 
I. Such radiators are represented approximately by the lum 
s arcs with vertical electrodes, by the mercury-arc tube" 
straight sections of ' 

idescent-lamp fila- 
is, etc. 

ie intensity distribu- 
is symmetrical with 
adiator as axis, 
e intensity is a max- 
i / at right angles 
ie radiator, or in 

ction, <fi = ( 
axis. At angle <f>. 

(17) 




" when 

the intensity is, Fig. 



sin 



=2 TT/ / sin 



/* 

== TT/ O I (1 cos 2 <) d<j>; 

J o 

hence, ^ / sin 2 <j> I 

= / ^ 2 / ' ( 18 ) 

and the total light flux for < = ?r is 

* = f^ ; (19) 

or, inversely: _ <& 

7 =^' (20) 

and the radiating surface is 

A = xwl, (21) 

where I is the length; w the diameter of radiator. The bril- 
liancy, therefore, is ^ 

~ A 

- * ' (22) 

or, , wlB 



(23) 



//-, (24) 

may be called the linear maximum intensity, or, maximum inten- 
sity per unit length. 

Most of the light of a linear vertical radiator issues near the 
horizontal, very little in downward and upward direction. Put- 
ting $ = f $, gives the angle (f>, which bisects the light flux : 

sin 2 <p TT 
~~2~ = 4' 

and herefrom, by approximation, <j> = 66 deg. ; that is, half the 
light flux issues within the narrow zone from 24 deg. below to 



|. d e g. above the horizontal, or in the space between a and a' in 

ig. 68. 

It is interesting to compare the three radiators, (1), (2), and (5), 
i the basis of equal maximum intensity, and on the basis of 
[ual light flux, thus : 



ight flux $, at equal maximun 
intensity 7 

aximum intensity 7 , at equal 
light flux $ 



Uniform. 



Circle. 



Cylinder. 



= 3.14 



- = 1.27 

7T 



As seen, at the same maximum intensity, the cylinder gives 
sarly as much light flux as given by uniform distribution, that 

its deficiency in intensity in the polar regions represents very 
tie light flux. The circular plane, however, gives only one 
larter as much light flux as uniform distribution. 
With the same horizontal intensity of a cylindrical radiator, 

the vertical intensity of a circular plane, the former gives 
= 3.14 times the flux of light. 

In Fig. 64 the three distribution curves are shown for the same 
tal flux of light: curve 1 for uniform intensity, 2 for a plane 
cle, and 3 for a straight cylinder as radiator. 
(6) Circular Line or Cylinder. 
In the spirals, loops or ovals of in- 
ndescent-lamp filaments, circular 
iiators, or sections thereof, are met. 
Let r = radius of the circular radi- 
Dr, w = diameter of the radiator 
Under, shown in section in Fig. 69. 
The intensity is a maximum in the 
rection at right angle to the plane 

the circle. FlG - 69 ' 

The projection of the radiator in this direction of maximum 

tensity, = 0, has the length: 2 itr\ and if, by (24) : 
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where 
it is, 



B = brilliancy, 

L = 2nrl' = 2rwB. 



(25) 



This is in the direction in which the projection of th.e radiator 
is a circle of radius r, and thus circumference 2 TCT. 

In any other direction <, the projection of the radiator is an 
ellipse, with r and r cos c/> as half axes, as seen from Fig. 69. 

If I = the circumference of this ellipse, the intensity in the 
direction <j> bears to the maximum intensity 7 the same ratio as 
the circumference of the ellipse to that of the circle; that is, 

' 



The circumference of an ellipse with the half axes a and c is 

1 - (a -f- c) TT (1 +' q), 

_l(a - c\ 2 1 /a - c\* I /a - c\ ( 27 ) 

2 ~ 4 Va + cj + 64 \a + c) + 256\a + c) + ' ' 



where 



The ratio of the circumference of the ellipse to its maximum 
diameter, y = , is given in Table I, and plotted in Fig. 70, 

& T 

with the ratio of the half axes, that is, cos </>, as abscissas, and, in 
Fig. 71, with angle as abscissas. 

TABLE I. CIRCUMFERENCE OF ELLIPSE. 
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FIG. 70. 



FIG. 71. 



n Fig. 72 is plotted the intensity distribution in the meridian 
such a circular radiator. This shows a maximum 7 in the 

2 
tical, and a minimum I i = 7 

he horizontal. 

heoretically, exactly in the 

.zontal, (f> = 90 deg., the in- 

ity should be - 1 , as one half 

the circle shades the other 
. In most cases of such circular 
ators, sections of incandesccnt- 
3 filaments, w is so small corn- 
el with r, that it is practically 
Dssible to have the radiator 
3ctly in one plane, as would be 
ired for one half to shade the 
r half. 




of different typical forms of radiators, the distribution curves 
of a single-loop incandescent-lamp filament may be calcu- 
lated. 

Such a filament consists of two straight sides, joined by a half 
circle, as shown in Fig. 73. 

The distribution of in- 
tensity is not symmetrical 
around any axis, but ap- 
proximately so around the 
axis Z in Fig. 73. 

The meridian of maxi- 
mum intensity is the plane 
YZ, at right angles to the 
plane of the filament; the 
meridian of minimum in- 
tensity is the plane of the 
filament, XZ, and the 
least variation of intensity 
occurs in the equatorial 
plane XY. Trie distribu- 
tion curves in all three of 
these planes are required. 
Assuming the straight 
sides as of a length equal 
to twice the diameter of 
the loop, or of length 4 r, 
where r = radius of the half circle. 

As it is impossible to produce and maintain such a filament 
perfectly in one plane, we assume, as average deviation of the two 
straight sides A and B of Fig. 73 from the vertical, an angle of 
10 deg. 

The intensity distribution of the straight sides A and B in any 
meridian plane thus is that of a straight radiator, (5), at an 
angle of 10 deg. against the vertical. 

Let /' = maximum intensity per unit length. Then the 
meridianal distribution of the sides A + B is : 

7 t = 4 r// {sin (< + 10) + sin (<f> - 10) } (28) 

Hereto in the meridian of maximum intensity is added the light 




tensity produced by a half circle of radius r, (6); that is, 



here Z is the circumference of the ellipse which projects the 
rcle of radius r, under angle <, and is given by Table I and 
igs. 70 and 71. 




FIG. 74. 

In the meridian of minimum intensity, the light intensity I a 
educed by the projection of the half circle in its own plane, 
ider angle $, is added to the intensity I v This projection is, 
f Fig. 73, 

c = r (1 + cos <), (30) 

id thus 7 3 = cI ' 

= rI f (1 + cos <). (31) 

In the equatorial plane, the intensity, due to the straight sides 
+ B, is constant, and is that of a straight radiator under angle 
) deg. from the direction of maximum intensity; hence is 

I = 8 rI ' cos 10. (32) 

To this is added the intensity produced by the half circle of 



ii_j. :~ 7.1 
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intensity, 7 = 7 X + 7 8 , Curve 2 of Fig. 74; and in the equator 
7 = 7 + 7 2 , Curve 3 of Fig. 74. 

(8) In Table II are recorded the intensity distribution of the 
different radiators discussed in the preceding paragraphs. 



TABLE II. 
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77. SHADOWS. 

93. The radiator of an illuminant can rarely be arranged so 
that no opaque bodies exist in its field of light flux and obstruct 
some light, that is, cast shadows. As the result of shadows, the 
distribution of intensity of the illuminant differs more or less 
from that of its radiator, and the total light flux is less. 

The most common form of shadow is the round shadow sym- 
metrical with the axis of the radiator, that is, the shadow of a 
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the electrodes in the arc lamp in that most common case where 
the electrodes are in line with each other. 

As an example may be considered the effect of a symmetrical 
circular shadow on the light flux and its dis.tribution with a 
circular plane and with a straight line as radiator. 

(1) Circular Plane Opposite to Circular Plane of Radiator. 

Shadow of negative carbon in front of the positive carbon 
of the carbon arc. 

In Fig. 75, let 2 r be the diameter of a circular plane radiator 
(positive carbon) ; 2 r x 
the diameter of the 
plane, which casts a 
shadow (negative car- 
bon of the arc lamp); 
and I the distance be- 
tween the two. 

Assume 7 as the 
maximum intensity of 
the light flux issuing 
from the radiator AOB 
(which is in downward 
direction, hence com- 
pletely or partly intercepted by the circle AfiJB^). Then, the 
intensity of the light flux from the radiator, in any direction </>, 
is, according to reasoning under heading I, class (2), 

7 = 7 cos r/>. (1) 

In this direction r/>, the circle A 1 B l projects on the plane AB 
as a circle A 2 J3 2 , with radius r v and the center 2 of this circle 
has from the center of the radiator the distance 

a = 00 2 = I tan <j>. (2) 

If now the projected circle 2 overlaps with the radiator circle 
O v the area S of overlap, shown shaded in Fig. 7G, is cut out from 
the radiator by the shadow, and the light flux in the direction $ 
thus reduced from that of the complete radiator surface, rcr 2 , 




FIG. 75. 
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From equation (8) then follows, for every value of <f>, the cor- 
responding value of p, herefrom the value of q and by (4) the 

value of I. 
94. In Table III are given 
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FIG. 78. 



the values of p and q for the 
ratio of radii : 



+ = 2.0; 1.0; 0.7, 

corresponding to a shadow sec- 
tion equal to 4 times, 1 times, 
and 0.5 times the section of the 
radiator. 

These are plotted as curves 
I, II, III, in Fig. 78. 



TABLE III. 
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= 0.7. 




I. 
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the circle U 2 , but also the area shown shaded in Fig. 77, 
which is shaded by the shadow cast by the sides of the lower 
electrode. 

From the value p, which corresponds to w^ = r 1} the area S 
then increases by 2r t (p-p'); hence, if S'= shaded area for 
p = p', for any value of p>p v 



S' 2r(p-p / ) 
and Q*- 1 -* ^^~' ( 17 ) 

This is shown in Table III and in Fig. 78 as curve IV. 

Such curves of intensity of a plane circular radiator of radius 
r, shaded by a concentric circular shade of radius r t at distance I 
[corresponding to a diameter of positive carbon 2 r, of negative 
carbon 2 r v and an arc length I], are given in Figs. 79 to 82, 
and the numerical values given in Table IV. 

r I 

Fig. 79 gives the curves for - = 2, and the arc lengths, = 

r 2r 

0.25; 0.5; 1.0; 2.0, as curves I, II, III, IV. Fig. SO gives the 

r 7 

curves for = 1, and the arc lengths, = 0.25; 0.5; 1.0; 2.0, 

T ' 2> T 

T 

as curves I, II, III, IV. Fig. 81 gives the curves for - = 0.7, 
and the arc lengths, = 0.25; 0.5; 1.0; 2.0, as curves I, II, III, 
IV. In Fig. 82 are shown, for comparison, the intensity curves 
for 

"~" == ; T~~ == A, as -L. 

T a T 

L 1 - 1 - I flq TT 

JL , ^ -L, db J.JL. 

r 2r 

!l = 0.7; r^-=0.5, asIII. 
r 2r 

As seen from Fig. 82, a larger shade at greater distance, l f 
gives approximately the same light flux and a similar distribu- 
tion, but gives a much sharper edge of the shadow, while a smaller 




FIG. 81. 



FIG. 82. 
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shade at shorter distance, III, gives a far broader half shadow, 
which extends even to the vertical direction. 

This is illustrated by the distribution of the open arc and the 
enclosed arc in clear globes that is, without means of diffrac- 
tion or diffusion. In the enclosed arc the distance between the 

T 

electrodes, I, is made larger, since the ratio of radii -i is greater, 

7* 

as due to the smaller current the diameter of the radiator, 2 r, 
Is smaller than in the open arc. The enclosed arc has a much 
sharper edge of the shadow, that is, narrower half shadow, than 
the open arc, thus requiring means of diffusion of the light even 
more than the open arc. 

Where the shade which casts the shadow is rounded, the dis- 
tribution curve is somewhat modified by similar considerations, 
as have been discussed under headings I, class (4). This is fre- 
quently the case where the shadow is cast by the electrodes of an 
arc, and especially so in the carbon arc, in which the negative 
electrode which casts the shadow is more or less rounded 
by combustion. 

(2) Circular Plane Concentric with the End of Linear 
Radiator. 

95. This condition is approximately realized by the shadows 
of the electrodes of a luminous arc with vertical electrodes. 

Let, in Fig. 83, 2 r 1 = diameter of the 
lower electrode, I = length of the linear 
radiator, and 2 w the diameter of the radiator. 
Neglecting first the diameter 2 w of the radi- 
ator, the part of the radiator which, in the 
direction <, is shaded, is 

s r 1 cot 4>, (18) 

and the reduction factor of the light, or the 
ratio, by which the intensity of light flux of 
FIG. 83. the ra( }i a tor proper (heading I, class (5)), 

I = 7 sin <, has to be multiplied, is 




LIGHT FLUX AND DISTRIBUTION. 

he light intensity in the direction </> thus is 
/= qI sin (f) 

= 7 (l - y cot </>) sin </> 

= / f sin (f> -j cos </j) . 
values of </> leas than </> i; when;. 
tan - - l , 
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(21) 



(22) 



;ht flux is zero, that is, complete shadow would exist if there 
no diffusion, etc,. 

ve now consider the diameter, 2 w, of the radiator, we get 
imc distribution of intensity, except in the angle 



\ <f) l / and </>/ is given by 
r, ~ w 

r" 



tan 



and tan 



s narrow angle, the light flux fades from the value which it 

[, (/>/' -and which is the same as given by equation (21) 

at c/>/, while, when neglecting 2 w, the intensity would 

:ie Hero at f/> t by equations (22) and (21). 

illustrations are plotted in Kig. SI and recorded in Table !IV, 



U 




the distribution of light flux for =0.25; 0.5; 1; 2, as curves I 

zr i ) 

II, III, IV, corresponding to an arc length equal to 1, J i an d 
2 times the electrode diameter. 

777. REFLECTION. 

96. As rarely the distribution of intensity and the brilliancy 
of the radiator are- such as desired, reflection, diffraction and 
diffusion are used to a considerable extent to modify the distribu- 
tion curve and the brilliancy of the radiator. 

Reflection may be irregular or regular reflection. In irregular 
reflection, the light impinging on the reflector is thrown back 
irregularly in all directions, while in regular reflection the light 
is reflected under the same arigla.under which it impinges on the 
reflector. The former is illustrated by a piece of chalk or other 
dull white body, the latter by the mirror. 
A. Irregular Reflection. 

Irregular reflection is used in indirect lighting to secure dif- 
fusion and low intrinsic brilliancy of the light source by throw- 
ing the direct light against the ceiling and illuminating by the 
light reflected from white or light colored ceilings. In some 
luminous arcs, the so-called flame carbon arc lamps, irregular 
reflection is used to direct most of the light downward by 
using a small circular reflector usually hollow immediately 
above the arc, the so-called "economizer." In this case the 
smoke produced by the arc largely deposits on the reflector 
and thereby maintains it of dull white color, the deposit of most 
flame carbons being calcium fluoride and oxide and thus white. 
In irregular reflection, the reflector is a secondary radiator; 
that is, if <3? t = that part of the flux of light of the main radiator 
which is intercepted by the reflector, and a = albedo of the 

reflector (that is, the ratio of reflected 
light to impinging light, or the " ef- 
ficiency of the reflector")) the radiator 
is a generator of the light flux c^. 

As an example may be discussed 
the intensity distribution of a vertical 
FlG> 85 - luminous arc L having a circular 




e base of the arc, I the (vertical) length of the arc. The 
dius of the reflector then is r l = I tan w, and the light flux 
tercepted by the reflector is calculated in the manner as dis- 
ssed under heading II, Class (2) ; that is, if 7 is the. maximum - 
horizontal intensity of the are L, the intensity' fri'tHe direc- ' 
m (180 deg. - 0) will be ' .-^^rf 

I = L sili 4>. * 






The reflector then intercepts tb 
e radiator L between, l"Sf.|Clete. x ^ 

i ' \ '> V ' '' ' , '-, '!"""' ,0 t, 

76n by ! : ' ' I >el 'e "*-*- ,,r 

r^ cot (180 -* 0) ,. .. J V '- 

~^^% anwoot< ^^ 



from ' 
ff part g of 



(2) 

^ w *~ 

nee, the light flux intensity which is intercepted by the reflec- 
r is 

/ x == qI Q sin (f> 

= I tan CD cos 0, (3) 

d the light intensity issuing into space from the main radiator 

this angle, - < <j>< (180 - w), is 

/ = (1 - </) ^: sin c/> 

= /,, (sin ~ tan J cos 0). (4) 

Therefore the light flux intercepted by the reflector within the 
glec/> = to c/> = M (or rather, (/> ISO deg. to </> ----- ISO w) is 

/<0 

/T\ ' o / I .,: 
l l'l = Z 7U I SI 

t/0 

within the angle- = w to -- ^ is 

rl t /'s 

^j" = 2 TT/ O I {/ sin 2 r/0 ~~ 2 7r7 () tan w I cos sin (10 

t/CO /U) 

/I + cos 2 oA 

=TT/ O tan w f - J 

\ *j / 



sn 



7T 
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and therefore the total light flux intercepted by the reflector is 

and the reflected light flux, or light flux issuing from the reflector 
as secondary radiator, is 

where a = albedo. 

As the reflector is a plane circular radiator, its maximum 
intensity is in the downward direction, and is given under head- 
ing I, class (2), as $ 

V = - - /o", (7) 

7T 

and herefrom follows the intensity of radiation of the secondary 
radiator in any direction <f>, 



I" = 7 " cos 



= / 



cos 



(8) 



The total intensity of radiation of main radiator and reflector 
or secondary radiator combined, in the lower hemisphere, or 

for < < < |Lis 

I = p + I" = / (sin < + aa> cos <) ; (9) 

and in the upper hemisphere light flux issues only under the 

. 71 , . 

angle - < <p < TT a>, and is 

I = 1' = 7 (sin (j> tan a> cos <). (10) 
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curve is of the type characteristic of most flame carbon arc 

lamps. f 

Substituting the numerical values m 

(9) gives / = J (sin + 0.92 cos <jS), 
and in (10) gives / = / (sin < - 3.73 cos <). 

TABLE V. 









Regular: a = 0.6. 




Irregular reflection. 


llwulur reflection. 
a = 0.7. 


Irregular: a' = 0.1. 
wj = 60 cleg. 


6. 


a= 0.7. 
01 = 75 dw. 


to; CO cleg. 
a) 2 = 85 cleg. 


j 2 = 85 cleg. 

2r, 

1=1. 
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4.32 


0.70 
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1.47 


0.16 
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0.42 


QK 
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3.27 


70 
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4.74 
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5.86 
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85 


4.30 


6.34 


5.86 
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4.00 


4.00 
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intensity of the main radiator, the maximum intensity of the 
virtual or secondary radiator is a/ . 

The reflector then cuts out of the light flux of the radiator 
that part intercepted by it, and adds to the light flux that part 
of the (virtual) light flux of the secondary radiator which passes 
through the plane of the reflector. 

As example may be considered the intensity distribution of a 
vertical luminous arc of length Z, supplied with a circular ring- 
shaped mirror reflector concentric with and in the plane of the 
top of the arc. Let <u x be the angle subtended by the inner, 
u 2 the angle subtended by the outer edge of the reflector, from 




FIG. 87. 



the base of the arc, as diagrammatically illustrated in Fig. 87 ; 
then the intensity of the light flux of the main radiator 



for 

is 

and for 

is 

where, by (2), 

hence, 

and is zero for 

All fVio lio-Vif. 



71 

2 
I = I sin <f>, 

71 

I' = (1 - </ 2 ) I sin <f>, 
a* = tan <w, cot 0, 



(ID 
(12) 

(13) 
(14) 



l{ = 7 o (sin <f> tan w 2 cos <), 

(j> > x - u 2 . 
issm'ntr frnm thft main radiator between the 
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Of the light flux issuing between angle ^ and - from the upper 

Zi 

I , A 

vertical, the part ^u t < < ~) 

I, = qJ sin f/> (16) 

is wasted by passing through the hole in the reflector. 
Since, by (13), 

g x = tan 6^ cot (j>, (17) 

it is: /! = / tan w i cos <> 



, 

for <w t <<!><-' 

All the light flux issuing between the upper vertical and the 
angle (a v 

/'=/ Hin& (19) 

is received by the roflootor, with the exception of that part which 
passes through the hole in the relleotor. 

Of the light flux issuing between angle w 2 and - from the upper 

Zi 

vertical, the part 

7 2 - ^' () sinr/> 

= / tan w 2 C,OH </>, 
forw a <c/j<^, (20) 

xj 

is received by the reflector, with the exception of that part which 
passes through the hole in the reflector. 

The total light flux intensity reflected by the reflector, or the 
useful light flux of the. virtual or .secondary radiator, thus is, if 
a = albedo of the reflector, 

7C 

Within the angle -></> > >> f'' ( >"i the upper vertical, 

J" ^ n (J 7\-.. ,,r r'l,,n ,., ._ f,,n /., "\ r >,^A- 
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hence, the light intensity of the illuminant, consisting of verti< 
radiator and ring-shaped mirror reflector, for 

< <j> < Wj is 

I=I^sm<j>; (5 

for <w 



7= 7' + I"' = I Q { (1 + a) sin <f> - a tan ^ cos <) } ; 



for w< << -is 



I F + I" 7 { sin <j> + a (tan w 2 - tan cuj cos $ } ; (5 

f 7T , . 

for -< << ?r-w is 



/ = // = / (sin < tan w 2 cos <), (! 

and for 9!) > TT <w 2 is 

1 = 0. 

"1 V 

For w x = 60 = ~, w 2 = 85 = -^, and albedo a= 0.7, the 

i> OO 

tensity distribution is plotted in Fig. 88 and recorded 
Table V. 




FIG. 88. 

Substituting the numerical values in the foregoing, we have: 

(24) I = 7 sin& 

(25) / = 7 (1.7 sin $ - 1.21 cos <), 

(26) 7 = 7 (sin <f> + 6.79 cos <), 

(27) 7 = 7 (sin - 11.43 cos 0). 

98. As it is difficult to produce and maintain complet 
regular reflection, usually some irregular reflection, is superi 
posed upon the regular reflection. 



angles w t to w 2 , by (6), is 

$ 2 = 7r7 o' (&) 2 -wj, (28) 

where of is the albedo of irregular reflection. 

This light flux gives in the lower hemisphere the maximum 
intensity for ^ = as 

7 " = /X (oj 2 ~ uj, (29) 

and thus the intensity of the irregularly reflected light in the 
direction <f> is 

7 2 = I " cos 

= 7 a' (<o a - ojj cos <, (30) 

and this intensity thus adds to that given by equations (24) to 
(27) in the preceding. 

If some light is obstructed by the shadow of the lower elec- 
trode, then the light intensity of the main radiator, /', in the 






lower hemisphere within the angle ^ < < - , is reduced to 

(31) 



T 

and becomes zero for c/> < (j> v where tan <f> i = -j- as discussed 

L 

under heading II, class (2), equations (21), (22), where r\ is the 
radius of the lower electrode. 

Thus, with a linear radiator of length I, a diameter of the 
lower electrode of 2 r v a ring-shaped mirror reflector subtending, 
from the base of the arc, the angles w t and aj 2 , and of the albedo 
of regular reflection a and the albedo of irregular reflection a', 
the light intensity distribution within the angle < <j> < < t is 

I = I a' (aj 2 - fu t ) cos (j); (32) 

within <->< (> < 6J is 



7 = L (sin c/> + a (w 2 oO ^ cos 0); (33) 

\ L tj / 

within o^ < < < a> 2 is 

f r r -| 1 

7 = 7 j (1 + a) sin < + \a (co 2 uj a tan ^ - y cos <[; (34) 
I L t J j 
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within w, < d> < - is 



r r r -i 

7 = 7Jsin (f> + \a (tan w 2 tan a^) + a' (w 2 - ^ t ) x 

-i K , 

within < 9 < K a) 2 is 

7 == 7 (sin <^> tan <w 2 cos ^>), 
and within n ~ a> 2 < cf> < n is 

7 = 0. 



cos 



(31 




FIG. 89. 



The distribution curve of, such an illuminant is plotted 
Fig. 89 and recorded in Table V for the values 



^ GOdeg. -; aj 2 = 85 deg. = 



a =0.60; a' = 0.10, 



17_7T_ 

36 ; 



Substituting the numerical values in the foregoing equatio: 
this gives ^ = 27 deg . 

(32) 7 = 0.044 7 cos <^ 3 

(33) 7 = 7 (sin <^ - 0.456 cos <^>), 

(34) 7 = 7 (1.6 sin $ - 1.495 cos 96), 

(35) 7 = 7 (sin + 5.364 cos <), 

(36) 7 = 7 (sin - 11.43 cos <). 




FIG. 90. 
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IV. DIFFRACTION, DIFFUSION, AND REFRACTION. 

99. Many radiators arc of too high a brilliancy to permit 
their use directly in the field of vision when reasonably good 
illumination is desired. A reduction of the brilliancy of the 
illuminant by increasing the size of the virtual radiator thus 
becomes necessary. This is accomplished by surrounding the 
radiator by a diffracting, diffusing, or prismatically refracting 
envelope. 

Diffraction is given by a frosted glass envelope, as a sand 
blasted or etched globe; diffusion by an opal or milk-glass 
globe. The nature of both phenomena is different to a consider- 
able extent, and a frosted globe and an opal globe thus arc not 
equivalent in their action on the distribution of the light flux. 
This may be illustrated by Fig. 91. 

Let, in Fig. 01, 1 A, R represent the light-giving radiator, 
for simplicity assumed as a point, and (7 represent a diffracting 
sheet, as a plate of ground glass. A beam of light, (>, issuing 
from the radiator R is, in traversing the diffracting .shoot G', 
scattered over an angle;, that is, issues as a bundle of beams D, 
of approximately equal intensity in the. middle and fading at 
the edges. The direction of the .scattered beam of light 1), that 
is, its center line, is the same as the direction of the impinging 
beam C, irrespective of the angle; made by the diffracting sheet 
with the direction of the beam. 

Different is the effect of diffusion, as by a .sheet of opal glass, 
shown as (7 in Fig. 91, 1 .H. Here the main beam of light C 
passes through, as C' , without scattering or change- of direction, 
but with very greatly reduced intensity; usually also with a 
change of color to dull red, due to the, greater transparency of 
opal glass for long waves. Most of the light, however, is irregu- 
larly reflected in the opal glass, and the point or area at which 
the beam C strikes the sheet becomes a secondary radiator 
and radiates the light with a distribution curve corresponding 
to the shape of G, that is, with a maximum intensity at right 

angles to the plane of G, as illustrated in Fig. 91, 1 B. 

A ,-,,-,v Pv-1,,1,. ,.,..-,,%,.. (\.,,,v, ,..,,i ;.(.,.,. jj <,,,,.!, ,..,] KX, , i ; rd.r, ,w- 



tamtly luminous envelope. 

If the radiator E is enclosed by a diffusing globe, Fig. 91 
the point P receives light from all points of the envelope 






FIG. 91. 



secondary radiator, and a ray of direct light from the radi* 
From the point P the entire globe G thus appears luminoi 
through it shows faintly the radiating point R, as sketc 
3B. 
An incandescent-lamp filament in an opal globe thus is 



but faintly visible, surrounded by a brightly luminous globe, 
while an incandescent filament in a frosted globe appears as a 
ball of light surrounded by a non-luminous or faintly luminous 
globe, but the outline of the filament is not visible.* 

100. The distribution of light flux thus essentially depends 
on the shape of the diffusing envelope, but does not much depend 
on the shape of the diffracting envelope; that is, a diffracting 
envelope leaves the distribution curve of the radiator essentially 
unchanged, and merely smooths it out by averaging the light flux 
over a narrow range of angles, while a diffusing envelope entirely 
changes the distribution curve by substituting the diffusing globe 
as secondary radiator, and leaves only for a small part of the light 
that of the direct beam (7' the intensity distribution of the 
primary radiator unchanged. 

Thus, for a straight vertical cylindrical envelope surrounding 
a radiator giving the distribution curve shown in Fig. 92, curve I, 




FIG. 92. 

the distribution curve is changed by diffraction (frosted en- 
velope), to that shown in Fig. 92, curve II, but changed to that 
shown by Fig. 92, curve III, by diffusion (opal envelope). The 
latter consists of a curve due to the transmitted light and of the 
same shape as I, and a curve due to the diffused light, or light 
coming from the envelope as secondary radiator. The latter is 
the distribution curve of a vertical cylindrical radiator, as dis- 
cussed under heading I, class (5) . 
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for the distribution of the light intensity, while the shape of the 
diffracting envelope is of less importance. 



TABLE VI. 



* 


'<> 

Clear globe. 


'o- 
Frosted globe. 


V 
Opal globe. 





5 






10 


5 






20 


6 


8 


11 


25 


7 


12 




30 


9 


18 


17 


35 


15 


26 




40 


34 


35 


25 


45 


49.6 


43 




50 


50.6 


47.5 


32 


55 


49.6 


48 




60 


47.5 


46 


34.5 


67 


43 


42 




70 


37 


37 


35 


75 


29 


32 




80 


20 


26 


34 


85 


15 


21 




90 


13.5 


17 


32 


95 


13 


14 




100 


12.5 


13 


30.5 


110 


12 


12 


29.5 


120 


11 


11 


27 


130 


9 


9 


24 


140 


6 


7 


20 


150 





2 


15 


160 








10 



It is obvious that frosted glass does not perfectly represen 
diffraction, but some diffusion occurs, especially if the frosting 
is due to etching, less if due to sand-blasting. Opal glass als< 
does not give perfect diffusion, but, in the secondary radiatioi 
issuing from it, the direction of the horizontal or impinging bean 
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intensity distribution. It probably is the most efficient way, 
as involving the least percentage of loss of light flux by absorp- 
tion. 

For instance, by surrounding the radiator R by a cylindrical 
lens, as shown diagrammatically in Fig. 93, the rays of light may 




FIG. 93. 



be directed into the horizontal (or any other desired) direction, 
and the entire lens then appears luminous, as virtual radiator. 

Usually in this case, instead of a complete lens, individual sec- 
tions thereof are used, as prisms, as shown in Fig. 94, and this 




Fie;. 94. 



method of light control thus called "prismatic refraction," or, 
where the light does not pass through, lm(; is reflected and turned 
back from the back of the prism, "prismatic reflection." 

Such prismatically reflecting or refracting envelopes and shades 
have found an extensive use. 



LECTURE XI. 
LIGHT INTENSITY AND ILLUMINATION. 

A. INTENSITY CURVES FOR UNIFORM 
ILLUMINATION. 

102. The distribution of the light flux in space, and thus tl 
illumination, depends on the location of the light sources, and ( 
their distribution curves. The character of the required illun 
nation depends on the purpose for which it is used: a genei 
illumination of low and approximately uniform intensity for stre 
lighting; a general illumination of uniform high intensity 
meeting rooms, etc.; a local illumination of fairly high intensi 
at the reading-table, work bench, etc. ; or combinations there< 
as, in domestic lighting, a general illumination of moderate inte 
sity, combined with a local illumination of high intensity. Ev 
the local illumination, however, within the illuminated ai 
usually should be as uniform as possible, and the study of t 
requirements for producing uniformity of illumination eitr. 
throughout or over a limited area thus is one of the main prc 
lems of illuminating engineering. 

The total intensity of illumination, i, at any point in space 
proportional to the light intensity, I, of the beam reaching tl 
point, and inversely proportional to the square of the distan 
I of the point from the effective center of the light source : 



If the beam of light makes the angle </> with the vertii 
direction, the illumination, i, is thus in the direction <f>, t 
horizontal illumination, that is, the illumination of a horizon 
plane (as the surface of a table) , is 

I cos <f> 
i h = i cos 9 = YZ ' 
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plane (as the sides of a room), is 



v = i sin = 



/sin 



(3) 



If, then, in Fig. 95, L is a light source at a distance l u above 
a horizontal plane P, then, for a point A at the horizontal dis- 




FIG. 95. 



tance l h from the lamp, L (that is, the distance l h from the point 
B of the plane P, vertically below the lamp L), we have: 



tan (ft = , 
L v 

and the distance of the point A from the light is 



AL = 



cos 9!) 

hence, the total illumination at point A is 

. _ / cos 2 <ft . 

fi = ~~TT ' 

the horizontal illumination is 

- I cos3 ^ 

and the vertical illumination is 

I cos 2 (ft sin (ft 



L 



(4) 
(5) 

(6) 

(7) 
(8) 



where 7 is the intensity of the light source in the direc- 
tion 0. 
Inversely, to produce a uniform total illumination, i , on the 
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horizontal plane P, the intensity of the light source must va: 
with the angle <f> according to the equation (6) : 

j J 2 

T __ 6 *"!> . 

cos 2 ' ^ 

or, if we denote by 7 the vertical, or downward, intensity 
the light source, 

J = V 2 J (I 1 

hence, 

7 = n 

cos 2 $ (i 

gives the intensity distribution of the light source required 

produce uniform total illumination i on a horizontal plane 1; 

neath the light. 

In the same manner follows from (7) and (8) : 
To produce uniform horizontal illumination 4 o on a plane 

beneath the light source L, the intensity curve of the light sour 

is given by 

r 7 o 



COS <f> 

and, to produce uniform vertical illumination i V(> of objects 
the plane P beneath the light source L, 

1= 2 , /0 . ,- 

cos 9 sin <p 

Where the objects in the plane P which are to be illuminai 
may have different shapes as on a dining-table, work bem 
etc., uniformity of the total illumination, i, is desirable; wh< 
all the objects which shall be illuminated are horizontal 
the sur'ace of a drafting-board constancy of the horizon 
illumination i h is desirable, while where vertical objects are to 
illuminated as, for instance, to read labels on bottles c< 
stancy of the vertical illumination i v is desirable. 

By "horizontal illumination" i h is here understood the illui 



to give uniform total illumination i (11) in a horizontal plane 
are plotted as curves I, II and III; the intensity distribution 
for uniform horizontal illumination 4 (12) is plotted as curve 
IV, and the intensity distribution for uniform vertical illumina- 
tion ^ (13) in the horizontal plane beneath the light source 
is plotted as curve V. For convenience, curves IV and V are 
shown in the upper half of the diagram. The numerical values 
for l v = 1 are recorded in Table I. With increasing angle <, 
the required intensity increases very rapidly, and, as is obvious, 
becomes infinite for < = 90 deg. 

TABLE I. (Figs. 95 and 96.) 
UNIFORM DISTRIBUTION ILLUMINATION CURVES. 



*. 

degrees. 


cos <j>. 


Total. 
1 


Horizontal. 
1 


Vertical. 
1 


COS 2 (p 


cos 3 <j> 


sin <j> cos 2 $ 





1 


1 


1 


00 


5 


996 


1.01 


1.015 


11.60 


10 


985 


1.03 


1.045 


5.90 


15 


966 


1.07 


1.11 


4.30 


20 


940 


1.13 


1.20 


3.30 


25 


906 


1.22 


1.35 


2.88 


30 


866 


1.33 


1.54 


2.66 


35 


819 


1.49 


1.82 


2.59 


40 


766 


1.70 


2.22 


2.64 


45 


707 


2.00 


2.83 


2.83 


50 


643 


2.43 


3.73 


3.17 


55 


574 


3.03 


5.27 


3.70 


60 


500 


4.00 


8.00 


4.60 


65 


423 


5.59 


13.20 


6.16 


70 


342 


8.35 


24.4 


8.90 


75 


259 


15.10 


58.3 


15,60 


80 


174 


33.00 


190.0 


32.50 


85 


087 


132.00 


152.0 


133.00 


90 





00 


00 


oo 



103. Therefore, in the problem, as it is usually met, of pro- 
ducing uniform intensity \ over a limited area, subtending angle 
2 a) beneath the light source, the intensity of the light source 




FIG. 96. 







FIG. 97. 
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should follow (11) for < $ < a>. Beyond </> = CD, the intensity 
may rapidly decrease to zero as would be most economical, if 
no light is required beyond the area subtended by angle 2 CD. 
This, for instance, is the case with the concentrated lighting of a 
table, etc. However, the intensity beyond r/> = to may follow a 
different curve, to satisfy some other requirements, for instance, 
to produce uniform illumination in a vertical plane. Thus in 
domestic lighting, for the general uniform illumination of a room 
by a single illuminant, the intensity curve would follow equation 
(11) up to the angle CD if 2 to is the angle subtended by the floor 
of the room from the light source and for <j> > to the intensity 
curve would follow the equation, 

(14) 



which gives uniform illumination in the vertical plane, that is, of 
the walls of the room. 

In Fig. 98 are shown intensity curves of a light source giving 
uniform illumination in the horizontal plane beneath the lamp, 
from to a, and the same uniform illumination in the, vertical 
plane from c/> = CD to </> = 00 (leg., as diagramrnatically shown in 
Fig. 97; that is, uniform illumination of the floor of a room 
and (approximately) its walls, by a lamp located in the center 
of the coiling, where CD is the (average) angle between the 
vertical and the direction from the lamp to the edge of the. 
floor : 

I for (a 30 (leg.; or diameter of floor -:- height of walls -= 

2 tan 30 deg. -'.:: -1.15. 
v3 

II for tu = 45 (leg.; or diameter of floor -:- height of walls --- 

2 tan 45 (leg. - 2. 

III for CD = GO deg.; or diameter of floor -:- height of walls -* 

2 tan 00 deg. = 2 \/3 - 3.40. 
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or, 1570 lumens. The vertical or downward intensities / ar 
in this case : 

I: to = 30deg.; 7 = 428 cp. 

II: a> = 45 deg.; / = 195 cp. 
Ill: cu * 60 deg.; 7 = 95 cp. 
IV: oj = 75 deg.; I = 41.5 cp. 

The values are recorded in Table II, in column I, for equ; 
downward candle power 7 , and in column a, for equal light flu: 
corresponding to 1 mean hemispherical candle power. 

TABLE II. (Figs. 97 to 99.) INTENSITY CURVES. 

Uniform illumination from vertical <i> = to <j> = w degrees from ver 
cal, and 

(a) Uniform illumination (on vertical plane) from < = w to horizon 
</> = 90 deg. 

(6) No illumination beyond <j> = w. 

,Z for unity illumination at 4> = 0. 

a and 6 for mean hemispherical candle power 1, or 2 TT lumens. 



^. 


to = 30 deg. 


ca = 45 deg. 


01 = 60 deg. 


u> = 75 deg. 


'o- 


a. 


b. 


'o- 


a. 


b. 


'o- 


a. 


6. 


'o- 


a. 


& 





1.00 


1.71 


3.73 


1.00 


0.78 


1.57 


1.00 


0.38 


0.67 


1.00 


0.166 


0. 


5 


1.01 


1.72 


3.76 


1.01 


0.79 


1.58 


1.01 


0.385 


0.67 


1.01 


0.168 


0. 


10 


1.03 


1.76 


3.83 


1.03 


0.80 


1.62 


1.03 


0.39 


0.685 


1.03 


0.172 


0. 


15 


1.07 


1.83 


3.98 


1.07 


0.83 


1.68 


1.07 


0.41 


0.71 


1.07 


0.178 


0. 


20 


1.13 


1.93 


4.20 


1.13 


0.88 


1.77 


1.13 


0.43 


0.75 


1.13 


0.188 


0. 


25 


1.17 


2.00 


4.35 


1.22 


0.95 


1.99 


1.22 


0.465 


0.81 


1.22 


0.203 


0. 


30 


1.20 


2.05 


4.47 


1.33 


1.03 


2.08 


1.33 


0.51 


0.89 


1.33 


0.221 


0. 


35 


1.01 


1.73 


3.57 


1.49 


1.16 


2.33 


1.49 


0.57 


0.99 


1.49 


0.248 


0. 


40 


0.81 


1.38 


2.24 


1.70 


1.32 


2.66 


1.70 


0.65 


1.13 


1.70 


0.283 


0. 


45 


0.67 


1.14 


0.57 


1.80 


1.40 


2.85 


2.00 


0.76 


1.34 


2.00 


0.333 


0. 


50 


0.57 


0.98 





1.70 


1.32 


2.50 


2.43 


0.93 


1.62 


2.43 


0.405 


0. 


55 


0.50 


0.85 




1.49 


1.16 


1.10 


3.03 


1.16 


2.02 


3.03 


0.504 


0. 


60 


0.44 


0.75 




1.33 


1.03 


0.31 


3.60 


1.37 


2.40 


4.00 


0.665 


0. 


65 


0.41 


0.70 




1.22 


0.95 





3.51 


1.34 


2.00 


5.59 


0.930 


1. 


70 


0.38 


0.65 




1.13 


0.88 




3.39 


1.29 


0.80 


8.35 


1.39 


1. 
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These curves in Fig. 98 consist of a middle branch, giving uni- 
form floor illumination, and two side branches, giving uniform 
side illumination, and are rounded off where the branches join. 




FIG. 98. 



Fig. 99 gives the intensity curves for the same angles, to = 30, 
45, 60, and 75 cleg., for uniform illumination only in the hori- 




e or zu cieg., or tor w = 10 cleg., is added to the set; tnis c'-u-rvc, 
however, is plotted for one-tenth the light flux of th.o othor 
curves, 94 lumens, or 15 mean hemispherical candle power. 

The vertical or downward intensities 7 are in this oawe, for 
equal light flux of 940 lumens : 

I: eo = 30deg.; 7 = 500 cp. 

II: a) = 45deg.; 7 = 235 cp. 
Ill: w = GOdeg.; 7 = 100 cp. 
IV: to = 75deg.; 7 = 25 cp. 

0: <y = lOdeg.; 7 = 7000 cp. 

Fig. 99 best illustrates the misleading nature of the polfir dia- 
gram of light intensities. It is hard to realize from the apptmriuu-o 
of Fig. 99 that curves I, II, III and IV represent the same* light 
flux, and curve one-tenth the light flux, that is, littlo more 
than half the light flux of a 16-cp. lamp. 

Curve 0, however, illustrates that enormous light in toi unities 
can be produced with very little light flux, if the light flux is 
concentrated into a sufficiently narrow beam. This ox plains 
the enormous light intensities given by search-light bcLin.^ : fur 
to = 1 cleg., or a concentration of the light flux into an a,u*lf of 
2 cleg. which is about the angle of divergency of the bt;j 1 1 1 1 f a 
good search light we would get 7 = 700,000 cp. in the- I t-nm, 
with 15 mean hemispherical, or 7.5 mean spherical, cancllo I < >\vrr 
light source; and a light source of 9000 mean spherical <*.'iinlli* 
power a 160-ampere 60-volt arc would thus, when oc >nctrn- 
trated into a search-light beam of 2 deg., have an intcnsit v 1 1 1 f hi> 
beam of 7 - 210 million candle power, when allowing 75 ]"><r **ml 
loss of light flux, that is, assuming that only 25 per cent, < f fin- 
light flux is concentrated in the beam. 

The numerical values of Fig. 99 are given as b in Tables II. fur 
equal light flux corresponding to 1 mean spherical candle i < , wt-r. 

B. STREET ILLUMINATION BY ARCS. 

104. To produce uniform illumination in a plane l>cMilli 
the illuminant, a certain intensity distribution curve is ro< j i u ml 
as discussed in A ; for other problems of illumination, com ^ t , i ! ' 
mgly different intensity curves would be needed to e:iv' . i},,, 
desired illumination. 
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It is not feasible to produce economically any desired distribu- 
tion curve of a given illuminant. Therefore, the problem of 
illuminating engineering is to determine, from the purpose for 
which the illumination is used, the required distribution of illu- 
mination, and hcrofrom derive the intensity curve of the illumi- 
nant which would give this illumination. Then from the existing 
industrial illuminants, or rather from those which are available 
for the particular purpose, that is selected whose intensity dis- 
tribution curve approaches nearest to the requirements, and 
from the actual intensity curve of this illuminant the illumination 
which it would give is calculated, so as to determine how near it 
fulfils the requirements. 

The intensity curve of the illuminant, required to give the 
desired illumination, depends on the location of the illuminant 
and the number of illuminants used. Thus if, with a chosen 
location and number of light sources, no industrial illuminant 
can be found which approaches the desired intensity curve 
sufficiently to give a fair approach to the desired illumination, 
a different location, or different number of light sources would 
have to be tried. Ilore, as in all engineering designs which 
involve a large number of independent variables, judgment 
based on experience must guide the selection. If so, practically 
always some industrially available illuminant can be found 
which sufficiently approaches the intensity curve required by 
the desired illumination. 

As example may be discussed the problem of street lighting. 

This problem is : with a minimum expenditure of light flux 
that is, at minimum cost to produce over the entire street a 
sufficient illumination. This illumination may be fairly low, 
and must be low, for economic reasons, where many miles of 
streets in sparsely settled districts have to be illuminated. 
This requires as nearly uniform illumination as possible, since 
the minimum illumination must be sufficient to see by, and any 
excess above this represents not only a waste of light flux, but, 
if the excess is great, it rex luces the effectiveness of the illumina- 

tinn of fk -.!.. ,!,,>,. J-U,. l^i ,;*.,, ^ 1~.,^,, 1-^ 4k^ .!,, ~f 



as European cities, the relatively small mileage of streets p< 
thousand inhabitants economically permits the use of far great< 
light fluxes, and then uniformity, while still desirable, beconw 
less essential. 

TABLE III (Figs 100 and 101.) 





Intensity: 100 rn. sph. cp. 


Illumination: 200 m. sph. cp.; l v = 20. 




a. 


6. 


c. 




a. 


6. 


c. 
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D. C. 
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D. C. 
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enclosed 


enclosed 


Magnetite 


Distance. 


enclosed 
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Magnetite 




carbon 


carbon 


arc. 




carbon 


carbon 


arc. 




arc. 


arc. 


Clear 




arc. 


arc. 


Clear 




ear inner 


Opal inner 


globe. 




lear inner 


pal inner 


globe. 




globe. 


globe. 






globe. 


globe. 




*. 


I. 


1. 


7. 


* = ~ 


i. 


i. 


i. 


o 


30 


45 


59 





15 


22.5 


9.5X10' 


10 


42 


50 


63 


0.2 


22 


24.5 


0.5 


20 


92 


70 


69 


0.4 


46 


33.0 


1.0 


30 


182 


107 


79 


0.6 


73 


42.5 


1.0 


40 


247 


150 


102 


0.8 


73 


44.5 


0.5 


4 


270 






1.0 


67 


40.5 


29.5 


50 


257 


171 


136 


1.2 


53 


35.5 


28.0 


6 


210 


181 


177 


1.4 


39 


30.5 


26.0 


7 


147 


182 


226 


1.6 


30.5 


25.5 


23.5 


7 


122 


181 


243 


1.8 


24.5 


21.5 


21.5 


8 


97 


160 


250 


2.0 


19.0 


18.0 


19.0 


8 


75 


118 


249 


2.5 


11.5 


13.0 


15.0 


c 


65 


89 


197 


3.0 


7.0 


9.5 


12.0 


10 


57 


82 


47 


3.5 


5.0 


7.0 


9.5 


11 


57 


77 


16 


4.0 


3.5 


5.5 


7.5 


12 


60 


68 




5.0 


2.0 


3.2 


4.8 


i '. 


35 


62 




6.0 


1.2 ' 


2.0 


3.4 


jL O 

1 i 


3 


56 




7.0 


1.0 


1.4 


2.5 


J. ^t 

15 


O 


17 




8.0 


0.8 


1.0 


2.0 










9.0 


0.5 


0.8 


1.7 










10.0 


0.4 


0.6 


1.1 










15.0 


. 0.2 


0.3 


0.5 










20.0 


0.1 


0.1 


0.3 










25.0 


0.1 


0.1 


0.2 











The arc, as the most economical illuminant, is mostly u 
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of three typical arcs for equal light flux of 200 mean spherical 
candle power; 




FIG, 100. 



I. The direct-current enclosed carbon arc, with clear inner 
globe: a curve of the character discussed in Fig. 82. II. The 
direct-current enclosed carbon arc, with opal inner globe: a 



P.* PA 0.2 0,i 0[6 1,0 12 1,4 1,0 1 8 20 2,2 g.t g.H 28 30 32 3 J 




FIG. 101. 
curve of the character discussed in Fig. 92. III. The magnetite 



238 RADIATION, LIGHT, AND ILLUMINATION. 

Herefrom then follows, by equations (6) and (4), the (total) 
intensity, i, in a horizontal plane beneath the lamp, at the 
horizontal distance l h from the lamp, where / is the height 
of the lamp above this plane (the street). 

These values of illumination, i, are plotted, with x = - as ab- 

LV 

scissas, in Fig. 101 and recorded in Table III for l v = 20, and 
lamps of 200 mean spherical candle power. . 

105. With lamps placed at equal distances 4 > and equal 




FIG. 102. 

heights l v , as shown diagrammatically in Fig. 102, the illumina- 
tion of any point A of the street surface is due to the light flux 
of a number of lamps, and not only to the two lamps 1 and 2, 
between which the point A is situated. As, however, the illumi- 
nation rapidly decreases with the distance from the lamp, it is 
sufficient to consider only the four lamps nearest to the point A. 
The illumination of a point A of the street surface, at a horizon- 
tal distance l h from a lamp, 1, then is : 

i = \ + \ + i 3 + 4 (15) 

where i v i z , i s , i 4 are the illumination due to the lamps 1, 2, 3, 4, 
respectively. 



Let 



T-p 



and ^- = x; 



(16) 



then the directions under which point A receives light are given 
by: 

tfl.n fh. = x. 1 
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and 



1 l v 2 cos 2 0/ 



COS 



*a 



cos 



COS 



(18) 



where I v 7 2 , 7 3 , / 4 are the intensities of the light source in the 
respective directions (/\, <f> 2 , </> s , f/> 4 . 



10 20 ISO 10 CO 0070 80 00 IHO 




20 10 BO 80 100 lao HO 100 180 200 

FIGS. 103, 104. 

Herefrom arc calculated the, illumination, i, plotted in Figs. 103 
and 104 and recorded in Table IV for l v = 20 ft.; p = 5, hence 
Z Ao = 100 ft., Fig. 103, and p - 10, hence / AO = 200 ft., Fig. 104, 
for equal light flux of 200 mean spherical candle power per lamp. 

As seen, with the same light flux per lamp, the distribution 
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form, illumination, while the carbon arc with opal inner glob 
II 3 stands intermediate. 

TABLE IV. (Figs. 101 to 106.) STREET ILLUMINATION. 



tan (^ = x 
tan <f> 2 = p x 



x =- 



tan <t> 3 p + x 
tan <{>., = 2 p x 



lv' 



X. 


Equal light flux per lamp. 


Equal illumination at minimum. 


p = 10. 


p = 5. 


p = 10. 


P = 5. 


a. 


b. 


c. 


a. 


B. 


c. 


a. 


b. 


c. 


a. 


6. 


c. 



0.2 
0.4 

0.6 
0.8 
1.0 

1.2 
1.4 
1.6 

1.8 
2.0 
2.5 

3.0 
3.5 
4.0 
5.0 


15.8 
22.8 
46.8 

74 
74 
68 

54 
40 
32 

26 
20 

12.7 

8.2 
6.3 
4.9 
4.2 


23.7 
25.7 
34.7 

44 
46 
42 

37 
32 
27 

23 
19.5 
14.6 

11.3 
9 
8 
6.7 


31.7 
32.7 
33.5 

33.5 
33 
32 

30.5 
29 
26.5 

24.5 
22 

18 

15 
13 
11.5 

10.2 


20 
27 
51 

78 
78 
72.5 

59 
45 
37 

32 
29 
25 


29 
31 
40 

50. 
52 
48 

43 
38.5 
35 

32.5 
30 
29 


41.5 
42.5 
43 

43 
43 

42.5 

41.5 
40.5 
39 

37.5 
36 
34.5 


38 
54 
111 

176 
176 
162 

128 
95 
76 

62 
48 
30 

20 
15 
12 
10 


35 
38 
52 

66 
69 
63 

55 
48 
40 

34 
29 
22 

17 
13.5 
12 
10 


31 
32 

32.7 

32.7 
32.3 
31.4 

30 
28.4 
26 

24 
22 

18 

15 
13 
11 
10 


8 
11 
20 

31 
31 
29 

24 
18 
15 

13 
11.6 
10 


10 
11 
14 

17 
18 
17 

15 
13 
12 

11 
10.4 
10 


12. r 

12.3 
12.5 

12.5 
12.5 
12.3 

12.1 
11.8 
11.3 

11 
10.5 
10 


















































Ratio of minimum intensities. 


Ratio of total light fluxes. 




1 


1.60 


2.43 


1 


1.16 


1.38 


5.95 
2.43 


3.75 
1.53 


2.45 
1.00 


4.0( 
1.35 


) 3.45 2. 
J 1.19 1. 




Ratio of maximum to min. ilium. 


17.6 


6.9 


3.3 


3.1 


1.8 1. 
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As seen, lower values of p, that is, either shorter distances 
between the lamps, or greater elevation of the lamps above the 
street surface, give a more uniform illumination, so that, for 
p = 5, III gives only 25 per cent intensity variation, while, for 
p = 10, I gives a very unsatisfactory illumination, alternating 
darkness and blinding glare. 



00 80 100 120 110 100 180 200 




FIGS. 105, 106. 

In Figs. 105 and 106 are plotted, and recorded in Table III, the 
illuminations for equal minimum intensity midways between the 
lamps, and for equal distances l h() = 200 ft., between the lamps, 
for 

p = 5, or 1 = 40 ft. height above the street level, Fig. 105. 
p = 10, or 1 = 20 ft. height above the street level, Fig. 106. 

Tn nrnrliipp t.liis minimum int.oniait.v nf 1 r>onrllo f^of ixrifVi 
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It is interesting to note the great difference in the light flu 
required to produce the same minimum illumination, for t 
three distribution curves. 

The carbon arc gains in efficiency and in uniformity of illun 
nation by increasing the elevation from 20 to 40 ft., while t 
magnetite arc loses in efficiency due to the greater distan 
from the illuminated surfaces but makes up for this by t 
gain in uniformity of illumination. 



Q. ROOM ILLUMINATION BY INCANDESCENT 

LAMPS. 

106. Let Fig. 107 represent the. intensity distribution of 
incandescent lamp with reflector, suitably designed for appro: 
mately uniform illumination in a horizontal plane below t 
lamp. Such a distribution curve can, for instance, be produc 




FIG. 107. 



by a spiral filament F (Fig. 108) located eccentric in a sph 
ical globe G, of which the upper part is clear glass and covei 
by a closely attached mirror reflector R, while the lower p; 
is frosted, as shown diagrarnmatically in Fig. 108. 
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reflected from the mirror, and, due to the eccentric location of the 
filament, the reflected rays are collected into an angle of about 
45 deg. from the vertical, and cross each other, thereby producing 
the intensity maximum 
at = 30 deg. The 
intrinsic brilliancy is 
sufficiently reduced, 
and the distribution 
curve smoothed out, 
by the frosting of the 
globe as far as not cov- 
ered by the reflector. 
The light in the upper 
hemisphere beyond 
= c/> 2 then is only 
that reflected by the 
frosting. 

The numerical val- 
ues of intensity of Fig. 
107 are recorded in 
Table V. 

The mean spherical 
candle power of the 
lamp is 12.93, or 1(53 
lumens ; the mean can- 
dle power in the lower 
hemisphere is 20.20, or 
127 lumens, and the moan candle power in the upper hemi- 
sphere is 5.()(i, or 3(> lumens. 

Table V gives the distribution of illumination i in a horizontal 
plane beneath and above the lamp, for different horizontal 
distances l h and the vertical distance / = 1, by equation (6), 
and the horizontal illumination i k , by equation (7), as discussed 
in A. Those an; plotted in Fig. .109, for the lower hemisphere 
in the lower, for the upper hemisphere in the upper, curve. 

Assuming now that a room of 24 ft. by 24 ft. and 10 ft. high 
is to be illuminated by four such lamps, located 6 inches below 




FIG. 108. 



TABLE V. (Figs. 107 to 109.) 



*. 


/. 


lh 

lv 
tan <. 


i = 
I 


fo = 
/ 


lh 

X = T V 


i, 
I 


ih = 
I 


(Upper 
hemisphere). 


COS a < 


COS 3 (j> 


cos-0 


COS 3 <J 


i'. 


i'h. 



10 
20 

30 
40 
50 

60 
65 
70 

75 
80 

85 

90 
95 
100 

105 
110 
115 

120 
130 
140 

150 
160 
170 

180 


21.0 
22.2 
24.5 

26.3 
25.5 
22.5 

20.0 
19.0 
18.0 

17.0 
16.0 
15.0 

13.0 
11.0 
9.5 

8.0 
7.0 
5.5 

4.5 
3.0 
2.5 

2.2 
2.0 
2.0 

2.0 



0.176 
0.364 

0.577 
0.839 
1.192 

1.732 
2.144 
2.745 

3.732 
5.671 
11.43 

oo 
11.43 
5.671 

3.732 
2.745 
2.144 

1.732 
1.192 
0.839 

0.577 
0.364 
0.176 




21.0 
21.5 
21.7 

19.8 
15.0 
9.3 

5.0 
3.4 
2.15 

1.13 
0.49 
0.11 


0.08 
0.29 

0.53 
0.84 
1.00 

1.12 
1.23 
1.47 

1.66 
1.77 
1.94 

2.0 


21.0 
21.3 
20.4 

17.0 
11.5 
6.0 

2.5 
1.44 
0.74 

0.29 
0.08 
0.01 


0.01 
0.08 

0.14 
0.29 
0.42 

0.56 
0.80 
1.13 

1.43 
1.66 
1.91 

2.0 



0.1 
0.2 

0.3 
0.4 
0.5 

0.6 
0.7 
0.8 

0.9 
1.0 
1.1 

1.2 
1.3 
1.4 

1.5 
1.6 
1.7 

1.8 
1.9 
2.0 

2.5 
3.0 
3.5 

4.0 
4.5 
5.0 

6.0 
7.0 
8.0 

9.0 
10.0 


21.0 
21.25 
21.55 

21.8 
21.6 
20.8 

19.4 
17.7 
15.8 

13.9 
12.2 
10.6 

9.2 
5.1 
7.2 

6.45 

5.8 
5.2 

4.7 
4.2 
3.9 

2.55 
1.8 
1.33 

1.0 
0.8 
0.67 

0.45 
0.33 
0.25 

0.20 
0.17 


21.0 
21.1 
21.3 

21.0 
20.0 
18.5 

16.5 
14.3 
12.3 

10.4 
8.6 
7.2 

6.0 

5.1 
4.2 

3.55 
3.1 
2.65 

2.25 
1.95 
1.7 

1.0 
0.6 
0.37 

0.25 
0.18 
0.13 

0.10 
0.08 
0.05 


2.0 


2.0 














1.6 


1.5 














1.35 


1.0 














1.2 


0.68 














1.08 

0.9 
0.77 
0.63 

0.5 
0.43 
0.38 

0.28 
0.20 
0.17 

0.14 
0.12 


0.48 

0.35 
0.27 
0.20 

0.13 
0.10 
0.08 

0.06 



















































































As the illumination in the space between the lamps is due 
to several lamps and thus is higher than that at the same horizon- 
tal distance outside of a lamp, for approximate uniformity 
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TABLE V. (Figs. 107 to 109.) 






10 
20 

30 
40 
50 

60 
65 
70 

75 
80 
85 

90 

95 

100 

105 

110 
115 

120 
130 
140 

150 
160 
170 

180 



1.0 I 

2.2 0.1761 

4.5 0.364| 

26.3 0.5771 

25.5 0.839 

22.5 1.192| 

20.0 1.7321 

19.0 2.144 

18.0 2.745| 

17.0 3.7321 

16.0 5.6711 
15.0 111. 43 

13.0 

11.0 11.43 

9.5 5.671) 

8.0 3.7321 

7.0 2.745 

5.5 2.144| 

4.5 1.7321 
3.0 1.192 
2.5 0.839] 

2.2 0.577] 
2.0 0.364 

2.0 I 0.1761 

2.0 I 



21.0 
21.5 
21.7 

19.8 
15.0 
9.3 

5.0 
3.4 
2.151 



21.0 
21.3 
20.4 

17.0 

11.5 

6.0 

2.5 

1.441 

0.74 





0.1 

0.2 

0.3 
0.4 
0.5 

0.6 
0.7 
0.8 



21.0 

21.251 

21.55| 

21.8 
21.6 
20.8 



1.131 0.291 0.9 
0.49 0.08 1.0 
0.11 0.011 1.1 





0. 

0.291 



I 1.2 
0.01 1.3 
0.08 1.4 



0.531 0.141 1.5 

0.84 0.29 1.6 

l.OOl 0.42 1.7 

1.121 0.56 1.8 

1 23 0.80 1.9 

1.47J 1.13 2.0 

1.661 1.43 2.5 

1.77 1.66 3.0 

1.94 1.911 3.5 



2.0 2.0 



21.0 
21.1 
21.3 

21.0 
20.0 

18.5 



2.0 



1.6 



19.4 I 16.5 

17.7 14.3 

15.8 I 12.3 



4.0 
4.5 
5.0 

6.0 
7.0 
8.0 

9.0 
10.0 



13.9 
12.2 
10.6 

9.2 
5.1 

7.2 

6.45] 

5.8 

5.2 

4.7 
4.2 
3.9 

2.55| 

1.8 

1.33] 

1.0 
0.8 
0.671 



10.4 
8.6 
7.2 

6.0 
5.1 

4.2 

3.55| 

3.1 

2.651 



1.0 
0.6 
0.371 



0.20 
0.17 



1.3 



1.2 



2.25 
1.95 
1.7 1 1.0 



0.9 



0.6 



0.251 0. 
0.18 
0.13 0. 



0.451 0.101 0.2 
0.33 0.08 0.2 
0.251 0.051 0. 



2.0 



1.5 



1.0 



0.6 



0.4 

0. 

0.2 

0. 



0.13 
0.10 
0.08 

0.06 



As the illumination in the space between the lamps ia due 
to several lamps and thus is higher than that at the same .horizon- 
tal distance outside of a lamp, for W xlmat ^"n 
of illumination, the distance between the lamps must be con 
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of the room. Locating thus the lamps, as shown diagrammati- 
cally in Fig. 110, at 5 ft. from the side walls and 14 ft. from each 
other, the (total) illumination in the lines A, B, C, D in the 
test plane 2.5 ft. above the floor is calculated. As this plane is 
7 ft. beneath the lamps, first the illumination curve in a plane 
7 ft. beneath the lamp is derived from that in Fig. 109, by 
dividing the orclinates by 7 2 = 49, and multiplying the abscissas 
by 7. It is given in Fig. 111. 



100- 



\ 



\ 



FIG. 111. 

The illumination, i, at any point, P, then is derived by adding 
the illumination i a , 4, i c , i d of the four lamps a, 6, c, d, taken 
from curve in Fig. Ill for the horizontal distances of point P 
from the lamps : l ha , l hb , l hc , l h(1 . These component illuminations 
are plotted in Figs. 112 to 115; as A a) A b , A c , A d in Fig. 112; as 
B a , Bb in Fig. 113, etc., and their numerical values, in thousandths 
of candle feet, recorded in Table VI. In Fig. 116 are shown 
the four curves of the resultant direct illumination, superim- 
posed upon each other. 

107. To this direct illumination is to be added the diffused 
illumination G resulting from reflection by ceiling and walls. 

Let: a t = 0.75 = albedo of ceiling; 

a z = 0.4 = albedo of walls; 



(19) 



whiln the floor mav be assumed as mvins: no appreciable reflee- 
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X. 


A a . 


A b . 


A. 


B a 
and 
lid- 


B. 


C a . 


c b . 


c. 


D a . 


Db 
and 
DC. 


D. 





353 


71 


746 


180 


690 


244 


43 


600 


245 


43 


600 


1 


406 


74 


813 


200 


738 


276 


44 


645 


317 


49 


691 


2 


438 


76 


852 


218 


782 


306 


44 


681 


395 


55 


785 


3 


442 


78 


866 


234 


822 


332 


45 


714 


441 


62 


845 


4 


438 


80 


875 


244 


852 


348 


45 


737 


440 


70 


866 


5 


429 


80 


880 


247 


870 


353 


45 


746 


429 


79 


880 


6 


438 


80 


903 


244 


882 


348 


45 


754 


440 


90 


919 


7 


442 


78 


922 


234 


880 


332 


45 


750 


441 


101 


949 


8 


438 


76 


936 


218 


866 


306 


44 


737 


395 


114 


939 


9 


406 


74 


927 


200 


850 


276 


44 


723 


317 


125 


896 


10 


353 


71 


898 


180 


838 


244 


43 


710 


245 


135 


859 


11 


298 


67 


875 


162 


830 


209 


42 


696 


184 


143 


835 


12 


247 


63 


870 


144 


825 


180 


41 


690 


144 


144 


825 


13 


">00 


60 




129 




156 


39 




115 


143 




14 


167 


"i7 




114 




136 


37 




94 


135 




15 


1<H 


54 




102 




118 


35 




79 


125 




16 


11 


51 




90 




103 


33 




66 


114 




17 


104 


48 




81 




90 


31 




56 


101 




18 


90 


4 s ) 




72 




80 


30 




49 


90 




19 


80 


41 




03 




72 


30 




42 


79 




20 


70 


38 




57 




64 


30 




36 


70 




21 


61 


35 




52 




58 


29 




33 


62 




22 


b*> 


W 




4K 




52 


29 




30 


55 




23 


r,9 


31 




44 




47 


28 




26 


49 




24 


'H 


29 




40 




43 


28 




23 


43 





























and also receives some reflected light from the walls. Thus, 
if <I> 1 = total light llux received by the coiling, and tf> 2 = total 
light flux received by the walls, the light flux received by the 
ceiling is 



(T) - , T. J- 7. 



cT) 
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deg., and the direction, <f> = CD (Fig. 110), from the lamp to the 
lower edge of the walls. This angle w varies, and averages 
30 cleg, for that half of the circumference, PQR (Fig. 110), at 
which the walls are nearest, and 60 deg. for that half, RSTUP, 
for which the walls are farthest, from the lamp. Hence the 



0.8 



t,o 



Afl 



G 
.2 

Ba&Q 

B&& 



v 



16 20 



\ 



Ac 
Aa 
Ad 
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FIGS. 112, 113. 
light flux received by the walls as directed light, from each lamp, 
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In addition hereto, the walls receive some of the light flux 
reflected by the ceiling. The total light received by the walls 
thus is : 

* 2 = 4 + ZwI'u (25) 

where 6 t is that fraction of the light flux issuing from the ceiling, 
which is received by the walls. 




12 

l''i<;.s. 114, 116. 



And the light roflookxl from tluj walls thus is: 
<!>' - .,*, - a n (L n -I- b.a.<l>.). 
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The floor is a square plane, of the same size, 24 by 24 ft., as the 
radiator, that is, the ceiling, and at the distance 10. The light 
intercepted by the floor can thus approximately be calculated 
as discussed in Lecture X, II, 1, Fig. 75, for circular radiator 
and circular shades, by replacing the quadratic shade and radia- 
tor by circular shades of the same area, r 2 it = 24 2 , and r = 

13.5, at the same distance I 10, hence of the ratio : - = 0.74. 

r 

Calculated as discussed in Lecture X, II, 1, the floor receives 
55 per cent and the walls 45 per cent of the light reflected by the 
ceiling. 

Assuming, approximately, that the walls receive the same 
percentage of the light reflected from the ceiling, as the ceiling 
receives of the light reflected from the walls, or 

(27) 



& 2 = 



equations (21) and (25) become: 



hence, 



1 1+ b,\ 

A _ 



(28) 
(29) 

(30) 



1 + ~b*a^ 
and the light reflected from the ceiling is 



the light reflected from the walls is 



(30) 



22 

2 2 2 - 1 + W2 

hence, substituting the numerical values : 

$/ = 146 lumens and <E> 2 ' = 144 lumens 
are the values of light reflected from the ceiling and from the 



approximate, on the test plane 2.5 ft. above the floor, is 
<I> = (I - b } <I> ' 4- b <I> ' 

* \ x \> 1 ~ u l 2 

= 145 lumens, 

and as this plane contains A l = 576 sq. ft., the flux of diffused 
light per square foot in the test plane, or the diffuse illumination, 



is 



i = - = 0.250 foot-candle. 



100 



800 



Fie;. 110. 

108. Adding this diffuse illumination, shown as G, to the 
directed illumination, gives the total illumination, i, shown 
as A, B, C, 1) in i^igs. 1.12 to 115, and recorded in Table VI. 

From these curves are taken the values of the distance, 
Table VII, at which the total illumination passes 0.600; 0.650; 
0.700, etc., foot-caudle, and plotted in Fig. 117. The points of 
equal illumination, then, arc; connected by curves, and thus 
give what may be called equi-luminous curves, or equi-potential 
curves of illumination. 

These equi-luminous curves are, plotted for every 0.05 foot- 
candle, except that the curves 0.875 and 0.925 are added in 



in the corners ot the room ana a maximum or 0.950 at a po; 
between the lamps and the center of the room, and is betwe 
0.800 and 0.950 everywhere except close to the edges of \ 
room. 




FIG. 117 



TABLE VII. -(Pig. 117.) EQUI-POTENTIAL CURVES. 



('. 


A. 


11. 


r. 


D. 


600 












625 






.55 


.28 


650 






1.15 f (440)1 


.56 


675 






1.80 Ll2.00j 


.82 


700 




.20 


2.57 10.70 


1.09 


725 




.70 


3.45 8.85 


1.37 


750 
775 
800 
825 


.05 
.37 
.77 
1 21 r(620)"l 


1.24 
1.88 
2.45 f(576)l 
3 08 L12 OOJ 


5.50 7.00 
6.30 
(505) 


1.61 

1.88 
2.18 f(57 
2.50 Ll2. 


850 


1 90 Ll2 OoJ 


3 88 9 00 




3.10 10. 


875 


4 00 11 00 


5 30 7 47 




4.70 9. 


Qftf) 


5 90 9 90 


6 40 




5.53 8. 


925 


7 15 9 10 


(634) 




6.13 8 


950 


8 20 






7.20 




(686) 






(700) 
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The direct light, which reaches the test plane, 2.5 ft. above 
the floor, as directed light from the lamps, issues within the angle 
from the vertical, (j> = 0, up to from <j> = 40 cleg, to $ = 70 
deg., and is 75 lumens per lamp; or, a total of directed light in 
the test plane of 4 X 75 = 300 lumens. The diffused light in 
the test plane is 576 X 0.25 = 144 lumens, and the total light 
in the test plane thus is 444 lumens; while the total light 
issuing from the four lamps is 4 X 163 = 652 lumens, giving an 

444 
efficiency of illumination of = 0.68; or, 68 per cent: the 

OO-t! 

average horizontal illumination in the test plane is i h = = 
6 * hm 576 

770; while the average total illumination, from Fig. 117, is 
about i m 870. The difference is due to the varying direction 
in which the directed light traverses the test plane. 

Measurement of the illumination of a room by illuminometer, 
to give correct values, thus must take in consideration the 
different directions in which the light traverses every point; 
by 'measuring the light flux intercepted by a horizontal sur- 
face, the result represents only the horizontal illumination, 
and not the total illumination at the point measured, and 
therefore frequently does not represent the illuminating value 
of the light. 

D. HORIZONTAL TABLE ILLUMINATION BY INCAN- 
DESCENT LAMPS. 

109. Assuming a table, of 5 ft. by 13 ft., to be illuminated 
so as to give as nearly as possible uniform horizontal illumina- 
tion i h . With a light source of the distribution curve, Fig. 107, 
but of four times the intensity, and using two such lamps, they 

TOY-mlrl Kn l/-\nn )<-/! xrrvf i nn Ilir o Kmrn +]~in -f.al-\l/i at. o rliafanr>P frnm 
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other and 2.5 ft. from the edge of the table, as shown in 
The illuminations in the lines A, B, and C, and their co 
are plotted in Figs. 119, 120, 121, and recorded in Tab! 
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TABLE VIII. (Figs. 118 to 121.) HORIZONTAL I] 
NATION OF TABLE. 



X. 


A a . 


A b . 


A. 


B a . 


B b . 


B. 


C 

1 
1 
1 


2.5 
2.0 
1.5 


2.96 
3.20 
3.36 


0.24 
6.27 
0.32 


3.20 
3.47 
3.68 


2.96 
3.20 
3.36 


0.38 
0.46 
0.48 


3.34 
3.66 
3.84 


1.0 
0.5 



3.41 
3.37 
3.36 


0.37 
0.43 
0.50 


3.78 
3.80 
3.86 


3.41 
3.37 
3.36 


0.48 
0.50 
0.50 


3.89 
3.87 
3.86 


1 
1 
1 


+ 0.5 
1.0 
1.5 


3.37 
3.41 
3.36 


0.57 
0.67 
0.81 


3.94 
4.08 
4.17 


3.37 
3.41 
3.36 


0.50 
0.48 
0.48 


3.87 
3.89 

3.84 


1 
1 
1 
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From the curves as given in Figs. 119 to 121 may then be 
plotted the cqui-luminous curves at the table surface, as done 
in Fig. 117 of the preceding paragraph. In this case, which 
represents concentrated illumination, diffusion is not considered, 
but the light is all directed light. 



X 






A 



* 

Via. 119. 



2.0 



1.0 




V..O 1.0 



a.o 2.0 



i.o i.o 



o o 



LECTURE XII. 
ILLUMINATION AND ILLUMINATING ENGINEERING 

110. Artificial light is used for the purpose of seeing \ 
distinguishing objects clearly and comfortably when the d 
light fails. The problem of artificial lighting thus comprises c 
sideration of the source of light or the illuminant; the flu? 
light issuing from it; the distribution of the light flux in spi 
that is, the light flux density in space and more particular!] 
the illuminated objects; the illumination, that is, the light : 
density reflected from the illuminated objects, and the ef 
produced thereby on the human eye. In the latter, we have 
the field of physics and entered the realm of physiology, whic 
not as amenable to exact experimental determination, and wl 
our knowledge thus is far more limited than in physical sciei 
This then constitutes one of the main difficulties of the ar 
illuminating engineering: that it embraces the field of two 
fercnt sciences physics and physiology. 

The light flux entering the eye is varied in its physical quan 
by the reaction of the eye on light flux density in contrac 
or expanding the pupil. The effect of the light flux which en 
the eye is varied by the fatigue, which depends on intensity 
also on color. Distinction is due to differences in the light 
density from the illuminated objects, that is, differences 
illumination, which may be differences in quality, that is 
color, or differences in intensity, that is, in brightness, anc 
such includes the effect of shadows as causing difference* 
intensity at the edge of objects. 

The physical quantities with which we have to deal in illi 
nating engineering thus are : 

The intensity of the liqhi source or the illuminant, and 



The light flux density, that is, the distribution of the light flu 
in space, and 

The illumination, that is, the light flux density issuing fror 
the illuminated objects. 

The intensity of a light source is measured in candles. The uni 
of light intensity, or the candle, is a quantity not directly relate 
to the absolute system of units, but reproduced from specifics 
tions or by comparison with maintained standards, and fc 
white light is probably between 0.04 and 0.02 watt. Intensit 
has a meaning only for a point source of light; that is, an ilium 
nant in which the flux of light issues from a point or such a sma 
area that, at the distance considered, it can be considered as 
point. "Intensity of light" thus is a physical quantity of tl: 
same nature as "intensity of magnet pole," which latter ak 
presupposes that the total magnetic flux issues from a poin 
and thus is applicable only when dealing with such distanci 
from the source of the light flux or magnetic flux, that the flu 
can be assumed as issuing from a point. Frequently the intei 
sity of a light source is different in different directions, and the 
either the distribution curve of the light intensity is required f( 
characterizing the illuminant, or the average of the intensities i 
all directions in space is used, and is called the "mean spheric* 
intensity." 

The unit of light intensity, or the candle, is the intensil 
which produces unit flux density at unit distance from the ligl 
source, and thus produces a total flux of light equal to 4 
units (the surface of the; sphere at unit distance from the Jig! 
source). The unit of light flux is called the lumen, and or 
candle of light intensity thus produces 4 ?r lumens of light flu 
(just as a magnet pole of unit intensity produces 4 n lines < 
magnetic force). 

The light flux is the essential quantity which eharacteriz< 
the usefulness of an illuminant, and it is the raw material fro] 
which all illuminating engineering starts. Any source of ligl 
can be measured in units of light flux or lumens the diffuse 
daylight entering the windows of a room, or the visible radii 
tion of the mercury lamp or a Moore tube as well as that of 
point source by adding all the flux densities intercepted b 
fynr.lnHinp 1 tho snim'.e of hVht. 
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tlux nf Ihrht. in lumen-, divided by 'Jr. In any illuminant 
which i< in if a pnint -nunv, we cannut speak of mi intensity 
except :il Mirh di.-iaiH-e- al which the source of li^lit can bo 
assumed as a puiui : and in interior illumination this Is rarely 
tlir rase. Sinn-, Imwever, the candle pu\ver, as measure of the 
intensity nf lidtt. ii.us her.uue the must familiar quuntity in 
character! /.in ir ilhuninan?-. very rummniily even smireu's of light 
whic'h are uni jmint .-Mun-e- a- a Mnnre tube nr tho diffused 
iluyliii.lit an- e\}>ri'-- .| in 'V'////w/* n( nt/nllr /mirrr, " jtnd when 
thus speaking uf the ran. lie pmver nf a im-n-ury lamp, or of the 
ilill'tisnl <!ay!i;ht fnun she \viin l\v-, \ve mean the eaiulh; power 
of a point .-nun-e if Hiihf. \vhirh wmild nive the same! total flux 
of %hS a< the ini-riMiry lamp. <>r the layli.uht from the windows, 
etc.. Tln> "equivalent *an. He pitwi'r," r frequently tncrtdy called 
''mean ,-phen-a! cauille pnwr," ihu- h the (utal li.^ht llux divided 
by 1 .T, heiii-e in reality i- n1 a unit nf iuteii-ily, but, n unit of 
Htfhi llux. 

This rxjtlains th'- apparent ennf radselinn between tlio, claims 
(hat >oiirre.- nf Ih'ht . a tin- niermry lamp nr f lie Mnurn lube, can- 
no( 1 ..... \pre~ e-S in randle pn\vei>. wliile al fiie.-atnc time their 
sperilic run timpfinn are s-ivnt in randle pn\ver per \vjtt.t.: mean- 
inj. 1 ; eqiiivalenl rankle pnu'er. uhi'h rr-irr (n the titfjil (lux of 
li^hf, anl llni i- a oV'inite and ni'-a urable physical i|ii:intity. 

\\'hile it i. nnl prnbai-I- ilia! ih- cu tmn nl' rat in; 1 ; illuminants 
in raii'lli- . re;'ard!<- ><; liieir .- hape. will quirkly di- : ;i| >j >ear, and 
no nliiertinn e\i-r av'ain t ii , jimvidi'd that il i ; undiM'stood to 
mean the equivalent eandle pnut-r. if i jd-eierable In use tlu; cor- 
rect unil nf li: i ht llux. and >-\pn . tlie miiput nf a ; nurc.<' of li^lit 
in lumen-, addiii" \\hiT'- n.-ee ary !h- equivalenl eaiullc power 
in paivnlhe i: . < Hiv'mu \\\ lite n e nf die candle pu\vcr in any 
particular direriitin Imri/nnf al. nr !-nuinal. m* maxii num cau- 
llepuwer' ha a meanini 1 nuly in rliaraetiTi/in; 1 , 1 lln'i I ist ribution 
of the lii'hl . llux. a appli-able fnr a panieular purpi--:<*, as stretit 
li^htinj 1 :. but , when n-ed l'>r rai in- th- illuminant by its li^hl llux 
output, is an intentiniial nr uniuieniinnal deei-pi'mn. Inc.andes- 
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lamp, and thus also is merely a practical measure of the light 
flux, retained by convenience : one horizontal candle power rep- 
resents 0.78 mean spherical or equivalent candle power of the 
standard distribution curve, and thus 4 TT X 0.78 lumen. 

In general, intensity, or candle power, thus is an angular 
measure, useful in characterizing the distribution of the light 
flux, but not the total light flux. 

111. Light-flux density is the light flux per unit area traversed 
by it, thus is measured in lumens per square meter (or square 
foot), just as the magnetic density is measured in lines of mag- 
netic force per square centimeter. In illumination, as unit of 
length, usually the meter is employed, and not the centimeter, as 
in the absolute system of units, and 10 2 thus is the reduction 
factor to absolute units. Frequently also the foot is used as 
practical unit of length. 

For a point source of light the light flux density is the inten- 
sity of the light source, in candles (in the direction towards the 
point of observation, if the distribution is not uniform in all 
directions), divided by the square of the distance, in meters, 
or feet, and the light flux density thus is frequently expressed 
in meter-candles, or foot-candles. Thus at 10 feet distance from 
a 16 candle power lamp, the light flux density is 0.10 foot-candle, 
or 0.10 lumen per square foot. Very commonly, therefore, 
the light Ilux density produced by sources of light which are 
not points, is also expressed in meter-candles or foot-candles 
which numerically is the same value 1 ,, that is, the same quantity, 
as lumens per square meter or square foot, but physically 
would refer to the equivalent candle; power of the light source. 

Illumination is the light flux density reflected from the illu- 
minated object, and as flux density thus is measured also in 
lumens per square meter or square foot, or in meter-candles or 
foot-candles. 



space traversal by the light flux, but not of the source of 
with the saint: source of light, in the space from the surfe 
the illuininant to infinite distance, all light fiux densities 
between the maximum at the surface of the Hluminan 
brilliancy) and zero. Brilliancy thus is the maximum o 
light-flux density. While intensity and brilliancy depend 
the shape, of the illuminant, light flux is independent th 
Illumination is a quantity which depends not only on the s 
of light, that is, light flux and flux density, but also on the il 
nat.ed objects and their nature, and thus is the light flux de 
as modified by the illuminated objects. Very commonly, 
ever, the term "illumination" is used to denote "light 
density," irrespective of the illuminated objects. 

112. The light flux thus is the raw material with i 
illuminating engineering starts, and the first problem th 
to distribute the light flux through space so as to give ; 
points the light flux density required for satisfactory il 
nation. 

Some problems, as the lighting of a meeting place, sc 
room, etc., require a uniform or general, and fairly high into 
of illumination, while in street lighting a uniform but fair! 
intensity of illumination is desirable. In other cases, mai 
local or concent rated illumination is needed. Usually, how 
a combination of a local or concentrated illumination, of 
high intensity, with a general illumination of lower into: 
is required; the former at those places where we desi 
distinguish details, as when; work is being done, at the rca 
table, work bench, dining-table etc., while the general illui 
tion is merely for orientation in the space, and thus may 
lower intensify, and for reasons of economy, and also pi 
logical reasons, should be, of lower intensity. 

We. thus have, to distinguish between Local or concent 
and tjc.nc.ml or uniform, ittiutiinntian, and a combinatii 
both, and have, to distribute the light flux in accordance t 
with, that is, produce a high flux density at the points or 
requiring high concentrated illumination, a low and tin 
flux density throughout the. remaining space. 

This can be done by choosing a light source of the p 
distribution curve, as, for instance, in street illumination a 



below the horizontal; in many cases of indoor illumination 
a light source giving most of the light between the vertical 
and an angle of from 30 to 60 cleg, from the vertical depending 
on the diameter of the area of concentrated illumination and 
the height of the illuminant above it. It can also be done by 
modifying or directing the light flux of the illuminant by reflec- 
tion or diffraction and diffusion, either from walls and ceilings 
of the illuminated area, or by attachments to the illuminant, 
as reflectors, diffusing globes, diffracting shades, etc. Further- 
more, the required flux distribution can be secured by the use 
of a number of illuminants, and with a larger area this usually 
is necessary. Frequently the desired flux distribution is pro- 
duced by using an illuminant giving more light flux than neces- 
sary, and destroying the excess of flux in those directions where 
it is not wanted, by absorption. Obviously this arrangement 
is uneconomical and thus bad illuminating engineering; the 
desired flux distribution should be secured economically, that 
is, without unnecessary waste of light flux by absorption, and 
this usually can be done by a combination of a number of light 
sources of suitable distribution curves. The most economical 
method of securing the desired distribution curve obviously is 
to choose a light source coming as near to it as possible, and 
then modifying it by reflection or diffraction. 

113. Thus far, the problem is one of physics, and the result, 
that is, the objective illumination, can be measured by photometer 
or lummomcter, and thus checked. The duty of the illuminat- 
ing engineer, however, docs not end here, but with the same 
objective illumination, that is, the same distribution of light 
flux throughout the entire illuminated area, as -measured by 
photometer, the illumination may be very satisfactory, or it 
may be entirely unsatisfactory, depending on whether the physio- 
logical requirements are satisfied or are violated; and very often 
we find illuminations which seem entirely unsatisfactory, tiring, 
or uncomfortable, but when judged by the density and the 
distribution of the light flux, should be satisfactory. Even 
numerous commercial illuminants, designed to give suitable 
distribution curves, fail to do justice to their light flux and 
its distribution, by violating fundamental physiological require- 
ments. 



entering between the objective distribution or iignt riux in spz 

and the subjective effects produced on the human eye, thus 

the most important with which the illuminating engineer has 

deal, and the first feature which must be recognized is that 

objective illumination, as measured by the photometer, is 

criterion of the subjective illumination, that is, the physiolog: 

effect produced by it, as regard to clearness, comfort and sa 

faction, and it is the subjective illumination by which the succ 

of an illuminating engineering problem is judged. 

The most important physiological effects are : 

(a) The contraction of the pupil. The pupil of the eye ai 

matically reacts, by contraction, on high brilliancy at or E 

the sensitive spot, that is, the point of the retina, on which 

focus the image of the object at which we look, and to a so: 

what lesser extent on high brilliancy anywhere else in the f. 

of vision. If, therefore, points or areas of high brilliancy 

in the field of vision, especially if near to objects at which 

look, the pupil contracts the more the higher the brilliar 

and thereby reduces the amount of light flux which enters 

eye, that is, produces the same result as if the objed 

illumination had been correspondingly reduced, intensified 

the uncomfortable effect of seeing high brilliancy. The ex 

ence of points of high brilliancy in the field of vision thus res 

in a great waste of light flux, and additional discomfort, and, 

satisfactory illumination, points of high brilliancy thus n 

be kept out of the field of vision. Light sources of high brillia 

must be arranged so that they cannot directly be seen, but 

illumination accomplished by the light reflected from ceili] 

etc., or from reflectors attached to the illuminant: indirect li 

ing; or at least the light sources should be located where 

are rarely liable to look at them, that is, with moderate-s: 

rooms, at or near the ceilings. Or light sources of mode: 

intrinsic brilliancy should be used, as the Moore tube, 

mercury lamp, the Welsbach mantel. Or, with illuminant 

high brilliancy, as the electric arc, the incandescent If 

(especially the tungsten filament), etc., the brilliancy of 

illuminant must be reduced by enclosing it with a cliffusini 

diffracting globe or shade, as an opal or frosted 

holophane globe, etc. 
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No illumination, however, can be satisfactory in which, the 
eye at any time can be exposed to the direct rays from a tungsten 
filament or an arc. While the methods of removing the high 
brilliancy of the illuminant usually involve a considerable loss of 
light flux, by absorption at the refracting surface, in the frosted 
or opal globe, etc., and the objective illumination thus is de- 
creased, if the methods of reducing the brilliancy are anywhere 
reasonably arranged, the light flux entering the eye, and thus 
the subjective illumination, is increased, and often very greatly. 
Thus while frosting an incandescent lamp decreases its light 
flux by about 15 per cent, in spite thereof usually more light 
flux enters the eye from the frosted lamp than from a clear glass 
lamp at the same distance. 

It is, therefore, inefficient to use illuminants of high brilliancy 
in the field of vision, and in addition makes the illumination 
uncomfortable and thereby unsatisfactory. Physiologically the 
brilliancy of the light source thus is one of the most important 
quantities. 

114. (b) Fatigue. When exposed to fairly high light flux den- 
sity, that is, high illumination, the nerves of the eye decrease 
in sensitivity, by fatigue, and inversely, in lower illumination 
or in darkness, increase in sensitivity. This reaction, or adjust- 
ment of the sensitivity of the nerves of vision to different intensi- 
ties of illumination, enables us to see equally well in illuminations 
varying in intensity by more than 10,000 to 1 (as daylight and 
artificial light). Thus, when entering a well-illuminated room 
from the darkness, it first appears glaring, until gradually 
the impression fades down to normal. Inversely, coming from 
a well-lighted room into a space of much lower illumination, it 
first appears practically dark, until gradually the eye adjusts 
itself, that is, the nerves of vision increase in sensitivity by their 
rest, and then we again see fairly well. 

Fatigue and contraction of the pupil thus are similar in their 
action, in that they reduce the physiological effect for high 
intensities. The contraction of the pupil, however, is almost 
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nation minimi when working by ariific.iul light, the sensitivity 
of the eye decreases, tin* illumination appears loss bright, and 
thus a higher illumination is required than would be sufficient 
in the absence of fatigue, and the continuous use and absence 
of rest cause the sensation of strain, that is, irritation or an 
unc-oinfortable. feeling, as especially noticeable when working 
or reading for a considerable length of time in rooms having a 
high uniform intensity of illumination, as meeting-rooms, some 
libraries, etc. If, however, the eye can rest even momentarily, 
by a change to lower intensity of illumination, fatigue is decreased, 
never becomes as complete and uncomfortable, and the, concen- 
trated illumination of the working-table appears brighter than 
it would without the po>sibility of rest. 

A room having a uniform intensity of illumination thus appears 
glaring and uncomfortable, and for satisfactory illumination 
it is necessary not only to provide a sufficiently high intensity 
at- the place where needed, but it is just as necessary to keep 
the intensity of illumination as low a.s permissible, wherever 
it is not. needed, so as to afford to the eye rest from the fatigue. 
In some cases, a,s meet ing-halls, schoolrooms, (his may not be. 
possible, but a uniform high intensity required, (o be able, to 
work or read anywhere in the room. Where, however, if is not 
necessary, it is not merely unccunomical to provide a uniform 
high intensify of illumination, but it is an illuminating engineer- 
ing defect, and a high intensify should be provided, as concen- 
trated illumination, only at those places where required, as 
at the reading- 1 able- of the library, but the general illumination 
should be of lower intently. \Yhile we rarely realise (he cause, 
we feel the siiperioril v of the combination of high concentrated 
and lower sreiiend illumination, by speaking of such illumination 
as home-like, restful, elc. Especially in places where considerable 
work has to be done by artificial illumination, as in libraries, 
factories, etc., to get satisfaelory results, it is important, to 
consider this effect, of fatigue, and to properlv combine a model- 
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the brilliancy of the illumination must be kept low, as discussed 
above. 

Of considerable importance regarding fatigue is the quality, 
that is, the color, of the light: fatigue at high intensities occurs 
far more with yellow and orange rays than with white light, 
and very little with green and bluish-green light. Thus, in arti- 
ficial illumination, in which practically always the yellow and 
orange rays greatly preponderate, the question of fatigue is far 
more important than with the bluish-white diffused daylight, 
and the irritating effects of fatigue thus are mostly felt with 
artificial illumination. 

115. (c) Differences. Objects are seen and distinguished by 
differences in quality, that is, color, and in intensity, that is, 
brightness, of the light reflected by them. If there were no 
differences in color or in intensity throughout the field of vision, 
we would see light but would not distinguish objects. Therefore, 
in good illumination, the differences in color and in intensity 
should be sufficiently high to see clearly by them, but still limited 
so as not to preponderate to such extent as to distract the atten- 
tion from smaller differences. The differences in intensity, 
to give distinction, should be high, but at the same time are 
limited by the phenomena of fatigue and of the contraction 
of the pupil: the minimum intensity must still be sufficiently 
high to see clearly, and the maximum intensity not so high as 
to cause fatigue and contraction of the pupil, much beyond 
that corresponding to the average intensity, otherwise the vision 
becomes indistinct and unsatisfactory, and uncomfortable by 
too much contrast; that is, the intensity differences must give 
a sufficient, but not an excessive, contrast, if the illumination is 
to be satisfactory. 

Differences in quality, that is, in color, are to a limited extent 
only under the control of the illuminating engineer. In some 
cases the illuminating engineer can control or advise regarding 
the color of objects, as the walls, ceilings, etc. In most cases, 
however, the absolute color of the illuminated objects is not within 
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trolled by the choice of the proper shade of light, and thereby 
slight color differences increased and made more distinct or 
decreased and thus obliterated. For instance, the color resulting 
from age and dirt is usually the color of carbon and of iron 
yellowish brown or reddish brown, that is, colors at the long 
wave end of the spectrum. Spots and blemishes due to dirt 
or age, thus are made more distinct by using an illuminant defi- 
cient in the long waves of light, as the mercury lamp, while in- 
versely they are decreased by using a reddish-yellow illuminant, 
as the incandescent lamp or the candle. Thus the white arc 
lamp and still more so the bluish-green mercury lamp shows 
blemishes and slight color differences of age and dirt' harsh and 
exaggerated, while the yellow light softens them and makes 
them disappear; and while, for a ballroom, the yellow light 
is thus preferred, and the mercury arc or even the ordinary 
white carbon arc would give a harsh and disagreeable effect, 
inversely the yellow light would be unsuitable where such slight 
differences should be distinguished. It is therefore essential 
for the illuminating engineer to choose as far as it is feasible the 
proper color of light, and an otherwise good illumination may be 
spoiled by using too white or too yellow a light. 

The main distinction of objects, however, is due to differences 
in intensity or brightness, and, for producing these, the shadows 
are of foremost assistance, and indeed the differences of inten- 
sity, by which we see objects, are to a large extent those due 
shadows. The study of the shadow thus is one of the most 
important subjects of illuminating engineering. If we have no 
shadows, but a perfectly diffused illumination, even if the 
intensity of illumination is sufficient, the illumination is unsatis- 
factory, as we lose the assistance of the shadows in distinguishing 
objects, and therefore find seeing more difficult, the illumination 
restless and uncomfortable. 

The use of shadows for illumination requires that we must 
have directed light, that is, light coming from one or a number 
of sources, and thus causing shadows, and not merely diffused 
illumination, that is, light coming from all directions and thus 

.' _1 1 Tim'!,. T 1 ^f^4-Ur Ait 
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not see anything in them, and, in attempting to see the objects 
in the shadows, the illumination becomes tiring to the eyes, 
irritating and restless. 

For satisfactory illumination, it therefore is necessary to 
have sufficient directed light to mark the edge of the objects 
by their shadow, and thereby improve distinction, but at the 
same time sufficient diffused light to see clearly in the shad- 
ows; that is, a proper proportion of directed and diffused light is 
necessary. 

In cases in which all the objects assume practically the same 
color, as in flour mills or foundries, a diffused illumination without 
shadows would make the illumination so bad as to be practically 
useless. In other cases, as a drafting-room, where all the objects 
requiring distinction are in one plane, as the drafting board, and 
the distinction is exclusively by differences of color and intensity, 
but not by shadows, a perfectly diffused illumination is required, 
and shadows would b(i objectionable and misleading, and this 
is one of the cases where directed light is objectionable. 

While with a single light source all the light issuing from it 
is directed light, by using a number of illuminants, the overlap 
of their light fluxes causes more or less light to reach objects 
from all directioiiK, and thereby gives the effect of diffused light, 
except at those, places where the, shadows cast by the different 
light sources coincide, and by proper positions of sufficient 
numbers of light sourc.es this can be avoided. The use of a 
number of light sources thus offers a means of increasing the 
proportion of diffused to directed light. 

110. It is not sufficient;, however, to have merely a combination 
of diffused and directed light in the proper proportion, but the 
direction of the hitter also is of importance. In some simple 
cases this is obvious, as, in writing, the directed light should 
be from in front on the. left side above the table, so as not to 
cast the shadow on the work. The, purpose of the shadow in 
illumination is to mark the edge of the object, and its height 
by the length of the shadow. The shadow, therefore, should 



of the shadow without, however, being vertical, as the latter 
would largely obliterate shadows. Perhaps an angle of 45 to 
60 degrees with the horizontal would be most satisfactory. 
The practically horizontal shadows cast in the usual form 
of street lighting therefore are not satisfactory for best illumi- 
nation. 

The number of shadows is of less importance. While in nature 
objects have one shadow only, cast by the sun, indoors we are 
familiar with seeing several shadows due to the diffused day- 
light from several windows. Of high importance, however, is 
the shape of the illuminant, in so far as it determines the outer 
edge of the shadow. The purpose of the shadow is to give an 
intensity difference at the edge of the object, and thereby make 
it easier to see the object. The shadow, however, has another 
edge, its outer end, and that we should not see, as no object 
ends there, or at least it must be such that it cannot be mistaken 
for the edge of an object. The problem thus is not merely to 
provide sufficient directed light to cast a shadow, but the shadow 
should be such that only one side, at the edge of the object, is 
sharply defined, while the other edge of the shadow, which ter- 
minates on the flat surrounding surface, should gradually fade 
or blur. If we have to look closely to determine that the outer 
edge of the shadow is not the edge of another object, the strain 
of distinguishing between the edge of an object and the edge 
of a shadow makes the illumination uncomfortable and thus 
unsatisfactory. In the shadows cast by a single arc in a clear 
glass globe, this difficulty of distinguishing between the edge 
of a shadow and the edge of an object is especially marked, and, 
combined with the invisibility of objects in the shadow, makes 
such shadows appear on first sight like ditches or obstructions. 

In the use of shadows in illuminating engineering it thus is 
necessary to have the outer edge of the shadows blur or gradually 
fade, and this requires that the source of directed light be not a 
point, but a sufficiently large area to scatter the light at the outer 
edge of the shadow, preferably even more than is the case 
with the shadows cast by the sun. This requires enclosing 
the illuminant by a fairly large opal globe or other similar 
device; that is, have the light issue from a fairly large luminous 
area. 
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is one of the most important problems determining the success 
or failure of an illumination. 

117. Color sensitivity. The maximum of sensitivity of the 
eye shifts with decreasing illumination from yellow to bluish 
green, and where a low intensity of illumination is used, as in 
street lighting, a source of light which is rich in the shorter 
waves, that is, a white light, is superior in its physiological 
illuminating value to a yellow light of the same or even 
higher light flux, while inversely at high values of illumina- 
tion, as for decorative purposes, the yellow light is more 
effective. 

Therefore it is a mistake to choose a yellow light source for 
illumination of very low intensity, or a white or bluish-green 
light for illumination attempting high intensity effects. Thus, 
for the average street lighting of American cities, the white arc 
is superior to the yellow flame arc, but, to produce a glare of light, 
the latter would be superior. 

While there are further physiological effects which are of im- 
portance in illuminating engineering, the above four may illus- 
trate the long step which exists between the distribution of the 
light flux as measurable by the photometer, and the success or 
failure of the illumination represented by it. 

The requirements of satisfactory illumination can thus be 
grouped in two main classes, referring respectively to economy 
and to comfort, and the characteristics are: 

(1) General or uniform, and local or concentrated illumination, 
and combination of both. This is of importance for economy: to 
avoid the production of unnecessary light flux; and comfort: to 
reduce the effect of fatigue. 

(2) Diffused and directed illumination, and combinations of 
both, and the theory of the shadow. This is of importance for 
the comfort of illumination, in securing clearest distinction. 

(3) Quality or color of light, of importance in economy, to 
suit the color to the intensity of illumination, and to comfort, 
in increasing or softening differences in color shades. 

(4) Massed and distributed illumination, as controlling the 



or the pupil, on economy and comrort. 
Some of the common mistakes made in illumination are : 

(1) Unsatisfactory proportion of general and of concentrai 
light. 

(2) Exposure of high brilliancies in the field of vision, as nal 
filaments. 

(3) Unsuitable proportion of diffused and directed light. 

(4) Improper direction of directed light and thereby impro 
length of shadows. 

(5) Sharp edges of shadows. 

In order to illustrate the preceding principles, some typi 
cases may be considered: 

(a) Domestic lighting. 

118. Domestic lighting usually requires a combination o 
concentrated illumination of fairly high intensity locally at 
work-table, clining-table, etc., and a general illumination of 1 
intensity, to secure comfort and economy. Occasionally, as 
halls, etc., the local lighting is absent and only general illumi 
tion required, while for instance in a sick room the general illu: 
nation is absent and only local illumination required. 

In this illumination the proportion between directed and < 
fused light should be such as to give the proper effect of sliaclo 
The problem of domestic illumination thus is to produce a d 
nite distribution of light flux density, with a definite pro port 
between diffused and directed light. If we deviate from 
proper proportion on one side, the room appears cold and uncc 
fortable; if we deviate in the other direction, it appears dark i 
gloomy. 

The light issuing directly from a single illuminant is clirec 
light; the light issuing from a number of illuminants is diffui 
in proportion to the number of sources by the overlap of the lij 
fluxes of the illuminants. The light reflected from walls 
ceilings is diffused light. The proportion between the lij 
reflected from walls and ceilings, or the indirect light, and 
direct light from the illuminants, varies with the reflecting po^ 
of walls and ceilings, that is, their brightness or darkness. *] 
proportion between directed and diffused light thus can 
changed, and the diffused light increased by increasing the ni 
ber of illuminants, and also by increasing the brightness of w; 
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and ceilings. With a given brightness of walls and ceilings, the 
desired distribution of the light flux a local high and general low 
intensity can be produced by a single illuminant having the 
proper distribution curve of light flux. In this case, however, 
usually we get too much directed, and not enough diffused, light. 
The same distribution of light flux can be produced by a number 
of illuminants properly located : nearer together for the local than 
for the general illumination. In the latter case we get more 
diffused and less directed light, and thus by choosing the number 
of light sources it is possible, with any given brightness of walls 
and ceilings, to get the desired distribution of light flux and at 
the same time the proper proportion of directed and diffused 
light. With a different brightness of walls and ceilings, the dis- 
tribution curve of a single light source, required to give the 
desired light flux distribution, is correspondingly changed, and, 
the lighter the walls and ceilings, the more light is reflected, giving 
a diffused general illumination, and thus less direct light from the 
illuminant is required for the general illumination. With in- 
creasing reflecting power of walls and ceilings, the proportion of 
diffused light increases, and the number of light sources which 
arc required to give the proper proportion between directed and 
diffused light is decreased, and inversely it is increased with 
increasing darkness of walls and ceiling. Therefore, in a room 
with light walls, a smaller number of light sources is required for 
good illumination than in a room with dark walls, assuming the 
same intensity of local and of general illumination. 

119. The problem of domestic illumination: to get a certain 
distribution ol illumination, with a definite proportion between 
directed and diffused light, thus leaves one independent variable 
the brightness of walls and ceilings. This is necessary, as the 
problem of domestic illumination is twofold: to get the proper 
illumination by means of the daylight, and also to get it for 
artificial illumination. During daytime, the windows are the 
source of light, the directed light issues from the windows, the 
diffused light from the walls and ceilings and by the overlap of 



light considerations, it cannot be chosen, or at least only 
limited extent, by considerations of artificial illumination bu 
found above, this is not necessary, since by a combination 
suitable number of light sources of proper distribution cu 
the problem of artificial illumination may be solved. To s 
extent, due to the quality of artificial light and daylight, the v 
can give a different reflecting power for the one than for 
other. As artificial light is deficient in blue and green, a bl 
or greenish shade of walls and ceilings gives them a greater ref 
ing power for daylight than for artificial light which usi 
is desirable and inversely with a reddish-yellow shade. 

(6) Street Lighting. 

120. The problem of street illumination is to produce a 
form low intensity. For reasons of economy, the intensity i 
be low, at least in American cities, in which the mileage of str 
for the same population, usually is many times greater tha 
European cities, and, at the same time, the same type of ill 
nant is usually required for the entire area of the city. The 
intensity of illumination requires the quality of light which 
the highest physiological effect at low densities, that is, v 
light, and excludes the yellow light as physiologically ineffit 
for low intensities. Still better would be the bluish gree 
the mercury lamp, but is not much liked, due to its color. C 
satisfactory also is the greenish yellow of the Welsbach mi 
for these low intensities. The American practice of prefei 
the white light of the carbon or magnetite arc thus is co: 
and in agreement with the principles of illumination, and 
yellow-flame arc can come into consideration even if it wen 
handicapped by the necessity of frequent trimming onl 
those specific cases where a high intensity of illuminatic 
used, as would be only in the centers of some large cities. 

Uniformity of illumination is specially important in street 1 
ing, where the observer moves along the street, and, due tc 
low intensity, the decrease of subjective illumination by fa - 
is especially objectionable. For a street illuminant, a dist: 
tion curve is required which gives a maximum intensity s 
. what below the horizontal, no light in the upper hemisphere, 
very little downward light. Street lamps therefore shoul 
judged and compared by the illumination given midways 
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tween adjacent lamps, or at the point of minimum intensity, or, 
in other words, by the intensity in a direction approximately 
10 cleg, below the horizontal. This also is in agreement with 
American practice. However, it is very important that the 
downward intensity be very low, and in this respect it is not 
always realized that the light thrown downward is not merely a 
waste of light flux, but is harmful in producing a glaring spot at 
or near the lamp and, by the fatigue caused by it, reducing the 
effective illumination at the minimum point between the lamps. 
Most objectionable in this respect is the open direct current car- 
bon arc and those types of lamps giving a downward distribution, 
but even with the enclosed arc lamp the distribution of light on 
the street surface is still far from uniform, and the intensity 
too high near the lamp, and in this respect improvements are 
desirable. 

121. The greatest defects of the present street illumination, 
which frequently makes it inferior in subjective illumination even 
to the far lower illumination given by the full moon, are the 
absence of diffused light, and especially the improper direction 
and termination of the shadows, and also the high brilliancy of 
the illuminant. The light of the usual street lamp is practically 
all directed light, issuing in a nearly horizontal direction from a 
point source. Thus the shadows arc far longer than permissible, 
and terminate sharply and without blur; objects in the shadows 
are practically invisible, and the end of the shadow looks like the 
edge of an object, thus producing a misleading effect, which 
results in unsatisfactory illumination. To give a somewhat 
better direction to the light requires considerable increase of the 
height of the lamp above the street surface. This also would 
essentially decrease the intensity of illumination below and near 
the lamp,without appreciably affecting the intensity at the 
minimum point, and thus would give a more uniform and thereby 
better illumination. No valid reason usually exists against 
greatly increasing the height of the lamps, except that of the 
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thereby :-pitil.- ihe di-inbitt if!i rurv-, and interferes with the 
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This method tt' e'uy lir'hfin-.*. v.a f'<ind nn -af i.-factory, as it 
did not I'.ive ennii"h li: hi. I' i ui a': Saet"S'y, howcv< i r, not, 
in principle, but bic-au-i- it v, a '-"i a!nbiti'ii- a ,-e.hnue. If, 
in street illnminatitin. \\<' di\ ;!.! ?he di *ane- between (he lam i is, 
each unit mu:-t ha\'e I"ur tim ?ii- li -h? !l?j\ So ;M-| { h<; sanx; 
minimum llux den. 'uy, a tin- di 'an''- i d'<nliled. and the flux 
density decrea i- \\itlj the : |uaiv i \\i>- di latiei-. At twice, 
(he distance between ihe lamp . eu'-h lamp thu must have 
four time.- 1 the h:'hl llu\. and ea-ii !:.ili- .f . ireet thus requires 
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intensity, up to the point where the increasing cost of taking 
care of the larger number of units and increasing cost of poles 
and connections compensates for the decreasing cost of energy. 
There is a minimum which probably is fairly near our present 
practice. 

"When, however, you come to square and exposition lighting, 
you find that the distance between the illuminants has no 
effect on the efficiency. Let us assume that we double the 
distances between the lamps which light up a large area. Then 
each lamp requires four times the light flux to get the same 
minimum flux density between the lamps, but at twice the 
distance between the lamps each lamp illuminates four times the 
area, and the total power per square mile of lighting a large area, 
like an exposition, thus is independent of the number of lamps 
used, and, whether you place them close together or far apart, 
you require the same total flux of light, and if you keep the same 
proportions of height from the ground and distance between 
lamps, you also get the same variation between maximum and 
minimum intensity. But, supposing the lamps to be placed 
further apart, the maximum or minimum points also are further 
apart, and you get a more satisfactory illumination by having 
a less rapid intensity variation. That points to the conclusion 
that, for exposition lighting, the most efficient way would be to 
use a relatively moderate number of high-power sources of 
light on high towers at distances from each other of the same 
magnitude as the height of the towers. We would get a greater 
uniformity and better physiological effect by having the illumi- 
nants further apart, and they would require the same total 
light flux, and therefore the same power, as if you bring the lamps 
close to the ground, and place them very close to each other. 
The tower lighting therefore is the ideal form for lighting a large 
area. When the arc was first introduced, it was so much superior 
to any other illuminant known before, that people vastly over- 
rated it. They thought that they could light the whole city 
by it, and in trying to do so these towers would have been the 
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latter |iiriii-i-. hnwi-vrr. li^hiiiiji lu\v-is are inefficient, 
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longer atieinjt! to light. In **\jnsitim li^ljtiii^, howcvoi 
most rffertive iMi-ml sllijsinil*ii wuuH be given by ^ 
anv on high tuwer^. leaviitiz the nmri'tit rated or tlocor 
illuiiiination io the ini-amli^triit lamp and flame arc, of y 
color. 



LECTURE XIII. 

PHYSIOLOGICAL PROBLEMS OF ILLUMINATING 
ENGINEERING. 

123. The design of an illumination requires the solution of 
physiological as well as physical problems. Physical considera- 
tions, for instance, are the distribution of light-flux intensity 
throughout the illuminated space, as related to size, location 
and number of light sources, while the relation, to the satisfac- 
tory character of the illumination, of the direction of the light, 
its subdivision and diffusion, etc., are physiological questions. 
Very little, however, is known on the latter, and the entire 
field of the physiological effects of the physical methods of 
illumination is still largely unexplored. As result thereof, 
illuminating engineering is not yet an exact science, as is, for 
instance, apparatus design, but much further physiological 
investigation is needed to determine the requirements and 
conditions of satisfactory illumination. 

The physical side of illuminating engineering: to produce a 
definite light flux density throughout the illuminated space, 
is an engineering problem, which can be solved with any desired 
degree of exactness, usually in a number of different ways. 

The solution of the physical problem of light distribution, 
however, does not yet complete the problem of illuminating 
engineering, docs not yet assure a satisfactory illumination, but 
with the same distribution of light flux density throughout the 
illuminated surface, the illumination may be anything between 



Thus, fur instance, the usual suburban street illumi] 

with arcs spurn! ut considerable distances from each oth 

located on fairly low posts, is very much inferior to the ill 

tit in given by moonlight, even when allowing for the clif 

in intensity. Here (he reason of the unsatisfactory ch 

of the former illumination is mainly the almost horizonta 

tion of the light flux. A perfectly vertical direction of tr. 

(lux again is unsatisfactory in many cases, and the, mos 

factory results are given by a direct ion of the light flux 

makes a considerable angle- with the horizontal as well 

vertical direction. Thus, when dealing with directed lig 

direction angle is of essential physiological importaiic 

have very little exact knowledge to guide in the dete.rm 

of the proper angle in which to direct the light flux; it is 

that in general approximately horizontal and appro xi 

vertical direction of the light flux are objectionable, and 

termediary angle gives best results. However, the. hoi 

direction usually i* objectionable by excessive contra*- 

vertical direction by ilatness in the appearance of the illui: 

objects, and, depending on the nature of the objects, sor 

the one, sometimes the other feature, may be more objcuiti 

Hence, the hc>-i an.Ltle of incidence of the light depends 

nature, that is, flu- shape and location, of (he illuminated < 

on the purpose of the illumination, etc., and thus is n 

slant, but is a function of the problem, which is still 

unknown. 

1'J-l. Not represented by the physical distribution c. 
illumination, but very marked in their physiological c 
the difference between directed light and diffused light. . 
problems of illumination, either entirely directed light or < 
diffused light- is unsatisfactory, and a combination of ( 
light and diffused light is required, as discussed in the. pi- 
pages. No exact, knowledge, however, exists on the pro 
in which directed light and diffused light should be oo 
for satisfactory illumination, nor how this proportion var 
the nature, color, etc.. of surrounding objects, with tho ; 
of the illumination, etc. That it varies is well known 
Homo, purposes, as a draughting room, entirely diffuse 
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seems best suited, while for other purposes mainly directed light 
seems more satisfactory. 

Furthermore, the relations between directed and diffused light 
have in the illuminating engineering practice been obscured to 
some extent by the relation between high and low intrinsic bril- 
liancy and between direct and indirect lighting. Thus, to 
eliminate the objectionable feature of high intrinsic brilliancy of 
the illuminant, direct lighting by light sources of high brilliancy, 
which was largely directed lighting, has been replaced by indirect 
lighting, by reflection from ceilings, etc., which is diffused light- 
ing. Where such change has resulted in a great improvement of 
the illumination, it frequently has been attributed to the change 
from directed to diffused lighting, while in reality the improve- 
ment may have been due to the elimination of high brilliancy 
light sources from the field of vision, and engineers thereby led 
to the mistaken conclusion that perfectly diffused lighting is the 
preferable form. Again, in other instances such a change from 
direct to indirect lighting has not resulted in the expected im- 
provement, but the indirect lighting been found physiologically 
unsatisfactory, and the conclusion drawn that the elimination 
of high brilliancy from the field of vision has not been beneficial, 
while in reality the dissatisfaction with the indirect light was due 
to the excess of diffused light and absence of directed light, and 
this improper proportion between directed and diffused light 
more than lost the advantage gained by eliminating the light 
sources of high brilliancy from the field of vision. In this case 
the proper arrangement would have been to reduce the brilliancy 
of the light sources, by diffusing or diffracting globes, to a suffi- 
ciently low value, but leave them in such position as to give the 
necessary directed light. 

Thus, in illuminating engineering, as in other sciences, it is 
very easy to draw erroneous conclusions from experience by 
attributing the results to a wrong cause. Any change in the 
arrangement usually involves other changes: as in the above 
instance, the change from high to low brilliancy commonly 



tions and thus casts no shadow, is not correct, since even dif 
daylight casts shadows. For instance, if in Fig. 122 P is th< 
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face of the ground and A a flat circular shade at distance I i 
the ground, the intensity distribution of the light in plane J 
shown in Fig. 122 for I 0.2 A, thus showing a fairly 
shadow beneath the center of A, but a shadow which bk 
very gradually that with most objects it is not marked. 

The light from a single point 
is perfectly directed light; it tra~ 
every point of space in one 
direction only, as shown as A ir 
123. If we now enclose the 
source in an opal globe, which 
becomes the radiator, as disc 
before, as diagrammatically sho' 
B in Fig. 123, the light flux tra 
each point not in a single directio 
in all directions within a narrow 
a, which is the angle subtend 
the radiator L from the poii 
With increasing size of the ilium 
and thus increasing angle a, C 
123, the pencil of rays, which tra 
point P, gradually spreads, until, 
a becomes 180 deg., we get pei 
diffused light, similar to da? 
Hence, with a gradual change of the diameter of the 
inant, from a = to a = 180 deg., the light gradually cl 
from, directed to diffused light. Thus, no sharp dividin 




FIG. 123. 



PHYSIOLOGICAL PROBLEMS. 281 

can be drawn between directed light, and diffused light, but 
the directed light from a light source of considerable diameter 
(that is, a diameter which is not neglible compared with the dis- 
tance of the illuminated objects from the light) already has to 
some extent the character of diffused light. 

Diffused light thus may be defined as light given by a radiator 
which subtends a spherical angle equal to a considerable part of 
the sphere. This makes the term "diffused light" a relative 
term. Near to a radiator of considerable size, the light given 
by this radiator thus is largely diffused light, while at considerable 
distance it is practically directed light, or, in other words, the 
light given by light sources of considerable size is directed light 
only at such distances from the radiator at which the law of 
inverse squares holds; but approaching the radiator so far 
that this law of inverse squares (flux density inverse proportional 
to the square of the distance) does not hold, the light approaches 
somewhat the character of diffused light. 

The physiological effects, however, during a gradual change 
from a = 0, or directed light, to a = 180 deg. , or diffused light, 
apparently do not change uniformly, but new effects appear 
and others disappear. 

126. The main objection to directed light from a single source 
results from the absence of light in the shadows. Using, how- 
ever, two or more illuminants, that is, combining directed light 
of several widely different directions, the shadow cast by one 
illuminant is illuminated by the other illuminants, and thus an 
effect produced very similar to diffusion. Thus with two light 
sources, at a point at which both light sources give the same 
illumination, the intensity in the shadow cast by one illuminant 
is still 50 per cent, that is, the illumination the same as if equal 
volumes of directed and of diffused light were combined, and 
to a considerable extent the physiological effect is the same. 
It is not completely so, however. In the illumination by equal 
volumes of diffused light and directed light from a single source, 
each object casts a single shadow, in which the illumination is 



iiOJil kJiAdVtW YT U WTWAltOJ-/ UVJ uo \J^iA.J.J_/J.^>/v/ UJ.ilA/1^.^ II , uiivy J.\_,UkJ UiJLC Ij VJ JL 

tion of the two light sources is equivalent to diffusioi 
the same time, occasionally the existence of two or mo] 
shadows and of their compound shadows may assist distil 
and thereby be advantageous. In short, there is a va; 
largely unexplored field in the physiology of illumii 
which the illuminating engineer will have to study and r 
gate. 

While one point source of light gives directed ligh 
sources at distances from each other give an effect equi 
to diffusion, and three or more sources still more so, until 
theoretical case of an infinite number of point sources distr 
through space or, practically, a very large number of c 
buted illuminants we get perfect diffusion. With a c 
from a single to a very large number of illuminants, the 
nation thus changes from directed to diffused, and tbr 
a moderate number of illuminants, is intermediate b< 
directed and diffused, but nevertheless this intermediate 
physiologically of entirely different character from that 
by a single illuminant of very large diameter, that is 
angle a, as discussed above. 

127. We thus have true diffused light, as daylight, the e 
lent diffusion given by the combination of several light s< 
which depends on their relative location, and the equi 
diffusion given by a large relative diameter of the light i 
The latter again varies with the shape of the light sourc 
in extreme cases, as a linear straight radiator, as a Geisslc 
(Moore tube), we may get an illumination which, at an] 
of space, is practically diffused in one direction, and prac 
directed in a direction at right angle to the former. I: 
cases we again get different physiological phenomena 
instance, a straight rod, held parallel to the radiator, ( 
sharp black shadow directed light while, when held a 
angles to the radiator, it casts no shadow diffused light, 
objects of more irregular shape, it can be seen that the 
and appearance of the shadows give a rather interesting pr 
and the physiological impression made by such illumi 
thus is different again, from that of ordinary directed or d 
light or their combination. 

In general, wherever two or more illuminants are usi 
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physiological effect depends on the relative position of the light 
sources to the illuminated objects, irrespective of the intensity of 
illumination. Thus, for instance, in the illumination shown in 
Fig. 117, on the same curve of equal illumination, the physiologi- 
cal effect is not constant, but varies from point to point. On the 
curve of 850 near the center of the room, an object casts four 
shadows of approximately equal intensity, in different direc- 
tions. The shadows are sufficiently marked to assist in seeing, 
and the illumination in the shadow is quite high; thus the illumi- 
nation is very satisfactory. On the same curve 850, near the 
edge of the room, the four shadows fall in nearly the same 
direction, only one is marked, and by the overlap of the shadows 
a large compound shadow is formed, in which the illumination 
is very low, distinction difficult, and the illumination thus 
unsatisfactory. Thus with the same physical value of illumina- 
tion, on the same curve 850, the physiological effect in this case 
changes from a very satisfactory illumination at one place, 
to a quite unsatisfactory illumination at another place. Thus, 
in this instance, while the solution of the illuminating problem, 
given in Fig. 117, is physically perfect, that is, the illumination 
very uniform throughout the entire room, and the efficiency 
high, physiologically the illumination is satisfactory only in 
the middle of the room, but becomes more and more unsatisfac- 
tory the further we go outside of the square formed by the four 
light sources. Physiologically the illumination would probably 
be improved by locating the light sources in the four corners 
of the ceiling, or in the centers of the four sides of the ceiling. 
Physically, this arrangement of lamps in the corners of the room 
would greatly reduce the efficiency, thus require either more 
power, or lower the average illumination; the arrangement of 
the lamps at the sides would decrease the efficiency less, but 
would considerably impair the uniformity of illumination, giving 
a lower illumination near the comers of the room. 

Furthermore, in illuminating engineering, enters as an impor- 
tant and largely unknown factor, the effect on the physical and 
physiological illumination, of the objects in the illuminated 
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illumination, but consideration must be given to the changes 
resulting from the use of the illumination. For instance in 
the illumination shown in Fig. 117, and discussed above the 
diffused light, 0.250, resulting from reflection from walls and 
ceiling, is quite considerable, and would be nearly sufficient 
for giving distinction in the compound shadow of all four illumi- 
nants, as it exists in a pronounced degree near the walls. Thus 
even there the illumination would be moderately fair. How- 
ever, when relying on this diffused illumination to see in the 
shadow of objects close to the walls, it may not be present, or 
largely reduced by the shadow of the observer, since, as seen 
above, diffused light also casts shadows, though the blur at 
the edges of these shadows is such as to make them very little 
noticeable. Thus, when approaching close to the walls to look 
at an object, we may find it shaded from the direct light and 
from most of the diffused light, thus giving unsatisfactory 
illumination. Locating the light sources in the corners or the 
centers of the sides of the room, we get pronounced shadows 
of the objects located against the walls of the room, and thereby 
again unsatisfactory illumination, although in this case, physio- 
logically, considering merely the room without the objects which 
may be located in it, the illumination would be satisfactory. 
Thus we may have to sacrifice uniformity of illumination still 
further, by arranging five light sources, four in the corners 
of centers of the sides of the room, and one, of larger light flux, 
in the center of the ceiling. 

Thus, occasionally, illuminations designed for uniform flux 
density are not satisfactory, even though the proportion of 
directed and of diffused light, and the direction of the directed 
light, is physiologically correct, because the changes resulting 
from the objects in the room, and the person of the user of the 
illumination, are not sufficiently considered. 

129. The cause of most of these difficulties in dealing with 
illuminating problems is that, physiologically, light is not a 
vector quantity; that is, light flux densities cannot be combined 
bv the naralleloeram law. 
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point P of space is perfectly characterized by two quantities 
only the resultant intensity, C, and its direction. 

If, however, in Fig. 125, A and B represent the two light 
flux densities produced at point P by two light sources L 
and Ly their physiological and also their physical action may 
be entirely different from that of one light flux C derived by 
combining A and B by the parallelogram law. 




FIG. 124. 



FIG. 125. 



In some respects the action of the two separate flux densities 
A and B is the same, or nearly the same, as that of a resultant 
flux density C; the illumination of an opaque plane a, located 
so that both light sources L { and L 2 are on the same side of the 
plane, is the same. If, however, the illuminated plane is trans- 
parent or translucent, and also in regard to the effects of polariza- 
tion, reflection etc., the effect of the two separate flux densities 
A ami B differs from that of a single resultant C. Entirely 
different is the effect if the light sources L 1 and L 2 are on dif- 
ferent sides of the plane. Thus, with a plane c located in^the 
C. . tho. ro.su 1 tan t, flux density C would give no illumina- 
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from the resultant C, and receives infinitely more light in the 
direction c (that is, in this direction it receives no light from C). 
Within this angle T, both sides of the plane are illuminated 
by A and B, which obviously is never possible by a resultant 
vector C. 

In the illumination of a plane, the differences between the ac- 
tual illumination by A and B and the illumination which would 
result, if light were a vector quantity, by C, are only those of 
intensity of illumination. With an object of different shape, 
however, the phenomenon becomes far more complex. Thus the 
illumination of a sphere S by the resultant C would be as shown 
in Fig. 126, half the sphere dark, the other half light, and with 
a maximum intensity at c, shading off towards zero at the termi- 
nator mn. The actual illumination as shown in Fig. 127 gives a 




FIG. 126. 



FIG. 127. 



black segment of angle to, while more than half the circumference 
of the sphere is illuminated. The maximum intensity is at the 
same place c, and of the same intensity as in Fig. 126 but 
the total light flux received by the sphere is far greater than 
would be received from, the resultant C, and is the sum of the 
light fluxes received from the two light sources. Thus : 

In the illumination of a sphere the light flux densities are 
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With other shapes of objects, the total received light flux n 
even be more than corresponds to the sum of the component fl 
densities. 

As in general illumination for distinguishing objects we h 
to deal with all possible shapes, it thus follows that for the g< 
eral problem of illumination the' resultant effect is most nea 
related to the "total flux density" or "total illumination" 
derived by adding, irrespective of their direction, all the li{ 
flux densities, as was done in the preceding lectures when deal 
with light flux distribution. Only in special cases, as the ilku 
nation of a draughting table, the flux density in one parties 
direction is of importance, and was used as the " horizontal iJ 
mination" in the instance represented by Figs. 119 to 121. 

130. While the resultant effect, or the total illumination, is 
rived by adding the flux densities irrespective of their directi 
in the physiological effect, that is, the appearance, the direct 
plays an essential part. Thus a sphere located as in Fig. : 
looks different than it looks in Fig. 126, even if it receives 
same total light flux. Still more marked is this difference \v 
more complex shapes of the illuminated objects. Thus a la: 
scape looks different with every different position of the sur 
the sky, and different again in the diffused light of a cloudy d 
irrespective of the intensity of the illumination. Under so 
conditions sharp contrasts appear, where under other illumi 
tions the appearance is flat, and with the change of illuminat 
contrasts disappear in some places, appear in others, etc.; t' 
is, the appearance of a complex body very greatly varies w 
the character of the illumination, entirely independent of 
intensity. 

With artificial illumination it then is the problem of 
illuminating engineer to design the illumination so as to br 
out contrasts where required by the purpose of the illuminati 
reduce them where too great or unnecessary, etc. If we consi< 
the possible personal equations of the user of the illuminat: 
as depending on his physical nature, occupation or state, furth 
more the effect of the color of light and the marked physiologi 
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